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Abstract: 

With the completion of the human genome project, researchers are now 

poised to discover new functions of the numerous genes identified.  This is 

particularly important to our understanding of their role in maintaining normal 

physiology and in disease states, thereby guiding the discovery of novel 

therapeutic targets.  

Method:  In collaboration with the Center for Modeling Human Disease, 

forward genetics using N-ethyl-N-nitrosourea mutagenesis was undertaken.  A 

mutant with renal glucosuria and cystic kidneys was found on a dominant 

screen and further characterized.  Genome-wide association was performed 

using a which was followed by whole-exome next-generation re-sequencing, 

for identification of causative mutation(s).   

Results I:  A novel nonsense mutation in the Slc5a2 gene, leading to 

the loss of normal functioning Sglt2 proteins, the major sodium glucose co-



 iii 

transporter in the renal tubules, is causative to the renal glucosuria observed.  

Homozygous mutants with induced diabetes exhibit better overall glycemic 

control, but have an exaggerated mortality rate (70% in homozygous mutants 

versus 10% in wild-type controls at 20 weeks of diabetes).   

Results II:  We have identified a point mutation in Samd9l that causes 

cystic kidney phenotype.  Homozygous mutants do not survive beyond P0.  

Glomerulocysts are present in most of the P0 homozygous mutants.  They also 

manifest “kinked” tail and disoriented inner ear hair cells, phenotypes 

suggestive of planar cell polarity defects.  Immunoprecipitation reveals 

potential interaction with E3 ubiquitin ligase Stub1, whose substrate is P53.  

Surprisingly, we observe lower protein levels of P53 and its downstream 

effector P21 in whole kidney lysates from homozygous mutants compared to 

their wild-type littermates.   

Summary:  Taken together, two new mouse models of kidney diseases 

are generated by ENU mutagenesis.  The first mouse model has deficient sglt2 

expression.  The second mouse model of cystic kidney phenotype suggests 

the involvement of ubiquitination of cell cycle proteins in the pathogenesis of 

cystic kidney diseases, a novel pathway in cystogenesis.  
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1 Abstract 
 

The mouse is the most widely used model organism to study gene function in the 

kidney in vivo. Here we review recent advances in technologies to manipulate the 

mouse genome and gene function to study renal biology. We discuss strengths and 

weaknesses of the approaches and provide examples in which they have been used to 

address renal questions. In addition, we provide a summary of the available resources 

of mouse tools and gene-targeting consortia. 

 

Although conventional gene-targeting and spontaneous genetic mutations in mice 

have provided great insights into kidney function over several decades, the addition of 

powerful renal-specific gene-targeting tools and the advent of RNA technologies to 

manipulate gene function in vivo allow investigators to address research questions 

more precisely in the laboratory. Together with the establishment of multiple 

international consortia to target all the genes in the mouse genome and the 

development of gene trap and N-ethyl-N-nitrosourea resources, genetic manipulation in 

mice has become more efficient. 

 

In summary, the availability of newer technologies and tremendous resources for 

mouse strains and reagents ensure that the mouse will remain a key model organism to 

study renal function. 
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2 Introduction 
 

The house mouse has inarguably become one of the most important model 

animals in modern genetics owing to the high degree of similarity between the mouse 

and human genomes, and the ever-expanding techniques developed in genetic 

manipulation of the mouse.  Over 90% of the mouse and human genomes can be 

partitioned into regions of conserved synteny and about 350 segments of which are 

shared between the two(1).  Furthermore, about 99% of the mouse genes have a 

human homolog(1).  The mouse and humans share many basic biological, 

physiological, anatomical and metabolic pathways.  These features allow us to use the 

mouse, as a mammalian model, to study critical conserved genetic pathways and 

functions that are shared in humans.  Furthermore, the availability of inbred strains 

makes it ideal to the attribute phenotypes to genotype based on a homogenous genetic 

background.  With the development of tools to manipulate the mouse genome, where 

gene expressions can be “switched” on and off, precisely in a temporal and cell-type 

specific manner, disruptions in gene function, which caused embryonic lethality in the 

past can now be examined.  Together with the wealth of information available upon the 

completion of the Mouse Genome Project consisting of 2.5-Gb mouse genome 

sequence, which aimed to sequence the genomes of 17 key mouse strains, and the 

availability of reagents such as antibodies for immunostaining and breakthrough 

technologies such as next-generation re-sequencing in parallel, we are heralding into 

an exciting post-genomic era poised to discover new gene functions in health and in 

disease.  The mouse was the second mammal to be sequenced as part of the Human 

Genome Project, informatics was then analyzed by the Mouse Genome Sequencing 

Consortium(2).  Maps of single-nucleotide polymorphisms (SNPs) containing over 

340,000 SNPs have been generated.  A wealth of information including and not limited 

to actual genomic sequence, comparative genomics, mutation data, phenotype 

information, gene-expression data, DNA methylation and histone modification, and 

protein structure etc., is carefully curated and stored in repositories freely available to 

researchers.  The next imminent challenge is to annotate functions to these genes, 

which typically involves changing expression pattern.  Although space limitations 
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preclude a comprehensive overview of all approaches used in mice, we aim to provide 

an update on the most popular approaches, including both forward and reverse genetic 

strategies. 

 

3 Forward genetics approach 

 

One of the most effective experimental approaches to examine gene function is to 

create and analyze mutants.  Mutations can be generated by targeting a specific gene, 

also known as reverse genetics, or by inducing random mutations without knowing 

what the actual gene(s) is mutated, also known as forward genetics.   

 

The combination of embryonic stem cells technology(3) and the use of these 

cultured cells to recolonize the mouse germ line(4) led to the generation of the first 

knockout mouse in 1987.  Since then, there is an explosion of mouse models with 

targeted gene mutations.  Despite the success of this approach, it inherently has a few 

limitations.  First, the gene chosen has likely been previously ascribed to certain 

disease of interest and gene targeting allows more in depth analysis by varying gene 

dosages or expression patterns.  It is rarely used to discover functions of an unknown 

gene.  Second, the process of gene targeting itself is labor intensive and it takes years 

to generate and validate a transgenic mousseline(5).  Third, each targeting experiment 

generates one type of allele, and most often leads to overt outcome (such as 

knockout).  For the purpose of using mouse models for human diseases, these 

experiments fall short in generating mutations that lead to more subtle effects that are 

seen in most human diseases especially those that involve complex multiple genes 

such as diabetes. 

 

In contrast, forward genetics compliment reverse genetics and afford several 

unique advantages.  Forward genetics uses large-scale high-throughput mutagenesis 

and can generate numerous mutations in one experiment and this leads to producing 

mutants much more rapidly than reverse genetics.  This property is of particular value 

in attempting to assign gene functions to about 25,000 genes in the mouse genome.  
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Furthermore, since the knowledge of the gene(s) mutated is not known a priori, forward 

genetic screens represent an unbiased approach to identify genes responsible for a 

phenotype and is ideal to discover new genetic functions and pathways.  Two common 

forward genetics tools, namely chemical mutagenesis with N-ethyl-N-nitrosourea (ENU) 

and gene trap approaches are discussed below.   

 

3.1 ENU mutagenesis 

ENU is the most commonly used chemical mutagen in large-scale mouse 

mutagenesis projects. ENU induces point mutations in the genomic DNA at a frequency 

of 1×10–3 per locus that is 100-fold higher than the estimated baseline spontaneous 

mutation rate(6).  Although both autosomal dominant and recessive screens may be 

designed(7, 8), the majority of large ENU consortia have focused on dominant screens, 

as the breeding schemes are easier (reviewed by Nguyen et al.(9), Figure 1). The key 

strategy includes different starting mouse strains for the mutagenized male harboring 

mutations in the spermatogonial stem cells and the wild-type female mate; offspring are 

then systematically screened for phenotypes of interest and heritability confirmed 

through backcrossing.  To identify renal phenotypes, the screens may include urine 

biochemistry to detect proteinuria, hematuria and glycosuria, anatomical studies to 

detect hydronephrosis, dysplasia or cysts and blood chemistry.  In large-scale projects, 

high-throughput screens are necessary, whereas smaller, enhanced screens might 

permit more sensitive assays, such as MRIs, timed dissections and so on, at the 

expense of higher cost. 

 

The success of ENU mutagenesis is also determined by the ease in identification of 

the causative genetic mutation, and, to this end, newer technologies such as targeted 

genomic enrichment(10) and whole exome next-generation resequencing have 

replaced older and more cumbersome approaches based on mismatch detection using 

nuclease(11, 12), Mu transposase(13) or intercalating dye(12).  Further, the cost of 

sequencing a mouse exome has recently been reduced to as little as $1500 

(http://www.tcag.ca/dnaSequencingSynthesis.html) 
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Figure 1  Breeding strategies for N-ethyl-N-nitrosourea-dominant and N-ethyl-N-

nitrosourea-recessive screen.  

For simplified illustration, only one gene mutation causing a variant phenotype is 

considered in each scenario.  Breeding between a wild-type strain A female with a 

mutagenized strain B male produces G1 litter with an assortment of mutations.  Each 

G1 mouse is screened and if an interesting phenotypic variant is identified (green 

mouse), it is then backcrossed with wild-type strain A.  A mutation that causes 

dominant or near-dominant phenotype should yield G2 litters with close to 50% 

expressing the original variant phenotype.  Alternatively, G1 may harbor a recessive 

mutation (red color).  These G1 mice are individually backcrossed with wild-type strain 

A to produce G2.  When the mouse harboring a recessive mutation is intercrossed with 

the founder G1 (*), around 25% of the G3 progeny will express a common variant 

phenotype (pink).  Heritability of this phenotype is validated by crossing the affected G3 

(pink) to wild-type strain A.  G4 litters are then intercrossed and should replicate the 

phenotype in 25% of G5 progeny. ENU, N-ethyl-N-nitrosourea. 
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Figure 1  Breeding strategies for ENU dominant and recessive screens  
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Recent successes that have employed autosomal dominant ENU screens for renal 

disease include identification of Catweasel(14) and Sweet Pee(15).  Catweasel results 

from a hypomorphic missense mutation in the Six1 gene that is associated with 

Branchio-oto-renal syndrome (OMIM #113650), an autosomal dominant genetic 

disorder characterized by hearing impairment and malformations in the kidney and the 

urinary tract.  Homozygous Catweasel mutants exhibit hypoplastic kidneys and other 

severe renal phenotypes.  Sweet Pee results from a nonsense mutation in exon 4 of 

the Slc5a2 gene that encodes the major sodium glucose cotransporter (Sglt2) in the 

proximal tubule. The mutant was identified through a simple urine dipstick screen for 

glucose.  The Slc5a2 mutation results in low-level glycosuria in heterozygotes and high-

level persistent glycosuria in homozygotes.  This mouse is a model of benign familial 

glycosuria (OMIM #182381) and also provides a model to understand toxicities 

associated with SGLT2 inhibitors that are mostly on phase III trials for patients with type 

II diabetes.  In fact, one of this first-in-class SGLT2 inhibitors, canagliflozin, has just 

received approval by the US Food and Drug Administration in March 2013.  The Sweet 

Pee model suggested a higher rate of urinary tract infections, which is now reported as 

the most frequent side effect of this class of medications(16-18). 

 

Although dominant screens are yielding important mutants, other renal diseases 

such as heritable forms of nephrotic syndrome, are more likely to occur as recessive 

diseases.  One approach to identify these genes is to perform a smaller, recessive 

ENU screen on a genetically susceptible background strain.  For example, to identify 

genes important in glomerular function and disease, it would be possible to perform 

mutagenesis in males that are bred to female mice that are haplo-insufficient for a 

critical glomerular gene (e.g. Cd2ap)(19). 

 

The advantages of an ENU approach include the following: it is a high-throughput, 

unbiased technique, which generates phenotypes that mimic human diseases more 

closely than conventional knockouts, as many human disease-causing mutations are 

point mutations rather than large gene deletions.  Worldwide, there are a large number 
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of ongoing ENU initiatives, which are listed in Table 1 (see review(20)) and are freely 

available to academic researchers. 

 

Mutagenesis program Website 

MRC Harwell ENU Mutagenesis www.mut.har.mrc.ac.uk/ 

Jax-HLBS: Mouse Heart, Lung, Blood, 

And Sleep Disorder Centre 

http://pga.jax.org 

Jax-Neuroscience Mutagenesis Facility http://nmf.jax.org 

Jax-Reproductive Genomics http://reprogenomics.jax.org/index.html 

Munich ENU Project www.helmholtzmuenchen.de/en/ieg/group-

genome-project/enu-screen/index.html 

Mouse Functional Genomics Research 

Group, RIKEN GSC 

www.gsc.riken.go.jp/Mouse/ 

Center for Modeling Human Disease http://www.cmhd.ca/s (Toronto Centre for 

Phenogenomics, Toronto, Ontario, Canada) 

Academia Sinica Mouse Mutagenesis 

Program 

http://mmp.sinica.edu.tw/mmp/english/ 

Australian Phenomics Facility http://www.apf.edu.au/ 

Baylor College of Medicine Mouse 

Mutagenesis for Development Defects 

http://www.mouse-

genome.bcm.tmc.edu/ENU/MutagenesisProj.asp 

RIKEN ENU Mouse Mutagenesis http://www.brc.riken.go.jp/lab/gsc/mouse/Mutant/s

erach.htm 

Tennessee Mouse Genome Consortium 

Neuromutagenesis Project 

http://www.tnmouse.org/neuromutagenesis/ 

Scripps Research Institute Mutagenetix http://mutagenetix.scripps.edu/home.cfm 

Sloan-Kettering Institute Mouse Project http://mouse.mskcc.org/ 

 

Table 1  Summary of international N-ethyl-N-nitrosourea mutagenesis programs.  

Data extracted from reference 19. 
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3.2 Gene trapping 

Gene trapping is another high-throughput mutagenesis strategy that complements 

the ENU approach.  Genes are tagged for sequence retrieval by insertional 

mutagenesis, generating hundreds of different mutations from a single electroporation 

or viral infection(21).  A `trap' vector is randomly introduced into the genome of mouse 

embryonic stem cells. The vector consists of a `promoterless' selectable gene cassette 

flanked by a splice acceptor.  Only vectors that have been trapped and express the 

selection marker under an endogenous gene promoter will survive.  When inserted into 

an intron of an expressing gene, transcription of the exons 3’ to the cassette will form a 

truncated fusion transcript with cassette which contains a polyadenylation sequence for 

premature termination.  One major drawback to this approach for kidney researchers is 

the fact that a gene must be expressed in an embryonic stem cell to be picked up. 

Thus, genes that are kidney specific may be missed.  Regardless, there are now a 

number of sequenced `trapped' genes that have been deposited in freely accessible 

databases.  It is possible to search the database, find your gene of interest and order 

the targeted embryonic stem cell or, sometimes, the mouse over the phone.  Database 

links are provided in Table 2 (http://www.genetrap.org/). 
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Gene Trap programs Website 

BayGenomics http://baygenomics.ucsf.edu/ 

Centre for Modeling Human Disease http://www.cmhd.ca/genetrap/index.html 

(Toronto Centre for Phenogenomics, 

Toronto, Ontario, Canada) 

Embryonic Stem Cell Database http://EScells.ca 

European Conditional Mouse 

Mutagenesis 

http://www.eucomm.org/ 

Exchangeable Gene Trap Clones http://egtc.jp/action/main/index 

German Gene Trap Consortium http://tikus.gsf.de/ 

RIKEN BioResource Center http://www.brc.riken.jp/lab/animal/en/ 

Sanger Institute Gene Trap Resource http://www.sanger.ac.uk/resources/mou

se/sigtr/ 

Soriano Lab Gene Trap Database http://research.mssm.edu/soriano/lab/S

oriano_lab.html 

Texas Institute for Genomic Medicine 

(TIGM) 

http://www.tigm.org/ 

TIGEM-IRBM Gene Trap http://genetrap.tigem.it/public/index.php 

 

Table 2  International Gene Trap Consortia  
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4 Reverse gene-targeting approaches 
Reverse gene-targeting approaches begin with a known gene of interest. 

Conventional gene-targeting and newer RNA-based methods are discussed below. 

 

4.1 General advances 

In conventional knockouts, a critical portion of the gene is altered/removed in 

embryonic stem cells, resulting in a null allele or nonfunctional protein. Stem cells 

carrying the altered gene are transferred to pseudopregnant females and are capable 

of generating the entire embryo proper (reviewed in(22)).  The major drawback for 

studying genes in the kidney with this approach is the fact that deletion of a gene in 

embryonic stem cells may result in early embryonic lethality, precluding analysis of its 

role in kidney development or function, as this organ develops relatively late in 

gestation.  In recent years, cell-specific knockout technologies have provided greater 

insight for renal research. 

 

Cre-loxP and Flp-FRT are the two most widely used recombinases that recognize 

specific short DNA sequences and cleave the DNA backbone, exchange the two DNA 

strands and rejoin them(23).  Other recombinases include the Dre-Rox system found in 

the bacteriophage D6, and the φC31 integrase(24), but they have not been as widely 

used.  Conditional recombinases can be expressed in specific renal cell types based on 

the promoter chosen (Table 3)(25-48).  Furthermore, systems that permit temporal 

regulation of gene function may be added on top of this cell specificity, permitting 

genetic manipulation in developing or mature kidneys.  The most commonly used 

temporal regulatory systems depend upon a `tet' operon element in the targeting 

construct; the addition of a tetracycline derivative to the drinking water or food of a 

transgenic mouse results in induction of transgene expression in tet-on systems and 

loss of gene function in tet-off systems(49).  The next most commonly used system 

utilizes the estrogen receptor T2 element, which uses tamoxifen to modulate gene 

expression(50).  Benefits to the tamoxifen approach include the fact that both cell and 

temporal regulatory components are combined in a single transgene, whereas many 
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tetracycline-based systems are bitransgenic (which translates to more breeding). 

However, tamoxifen causes embryonic defects, whereas tetracycline derivatives may 

be given to developing and adult mice, permitting analysis over a wide range of time 

points(51). 

 

Promoter Renal expression Extrarenal 

expression 

References 

Kidney androgen 

promoter 2 

Proximal tubules Brain [25] 

g-Glutamyl 

transpeptidase 

Cortical tubules None [26] 

Sodium glucose 

cotransporter  

Proximal tubules None [27] 

PEPCK Proximal tubules Liver [28] 

Aquaporin-2 Principal cells of 

collecting duct 

Testis, vas 

deferens 

[29] 

Hox-B7 Collecting ducts, 

ureteric bud, 

Wolffian bud, ureter 

Spinal cord, dorsal 

root ganglia 

[30] 

Ksp-cadherin Renal tubules, 

collecting ducts, 

ureteric bud, 

Wolffian duct, 

mesonephros 

Müllerian duct [31] 

Tamm-Horsfall 

protein 

Thick ascending 

limbs of loops of 

Henle 

Testis, brain [32] 

Nephrin Podocytes Brain [33,34] 

Podocin Podocytes None [35] 

Renin Juxtaglomerular Adrenal gland, [36] 
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cells, afferent 

arterioles 

testis, sympathetic 

ganglia and so on 

Foxd1 Stromal cells Not characterized [37] 

Six2 Cap mesenchyme Anterior cranial 

base 

[38,39] 

Pax3 Metanephric 

mesenchyme 

Neural tube, neural 

crest 

[40,41] 

Pax2 Metanephric 

mesenchyme, UB 

Inner ear, midbrain, 

cerebellum, 

olfactory bulb 

[42] 

Cited1 Cap mesenchyme Melanocytes [43,44] 

Pax8 Proximal, distal 

tubule and 

collecting duct (tet-

on system) 

Thyroid [45,46] 

Pod1/Tcf21 Metanephric 

mesenchyme, cap 

mesenchyme, 

podocytes, stromal 

cells 

Epicardium, lung 

mesenchyme, 

gonad, spleen, 

adrenal gland 

[47] 

 

Table 3  Summary of kidney promoters available lines(25). 

 

4.2 Cell-specific tools for targeting the kidney 

Compared with a decade ago, the number of tools available to drive gene 

expression in specific cell populations within the kidney has expanded greatly(25).  

However, it is important to note that robust tools are still lacking for some clinically 

important cell populations such as: glomerular endothelial cells and renal interstitial 

cells.  It is also important to remember that driver lines, particularly if they were 

generated as random integrant transgenes, may lose their recombinase ability over 

time.  Thus, it is essential that any researcher using these tools re-evaluate the excision 
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abilities within their own lab.  This is not trivial and requires analysis of reporter strains, 

but also, most importantly, requires analysis of recombination of the gene of interest. 

Cre-driver and Flp-driver may vary in their ability to cause recombination from locus to 

locus; thus, robust excision of a reporter gene may not translate to robust excision of 

any other gene.  When reporting negative phenotypes, it is necessary to confirm 

genomic excision in the cell of interest that often requires isolation of specific cell 

populations by FACS analysis and Southern blot analysis. 

 

4.3 Fate mapping in the kidney 

Some of the most exciting and hotly debated topics in nephrology have utilized 

Cre-driver transgenic mouse strains to tag-specific cell lineages within the developing 

and mature kidney.  Such an approach allowed investigators to identify and 

characterize a stem-like population within the developing metanephros; the subset of 

metanephric mesenchyme that expresses Six2 has the potential to give rise to all 

epithelial cell lineages in the nephron down to the distal tubule and these cells have the 

ability for self-renewal(39).  Parietal epithelial-specific Cre strains led to the 

identification of a `progenitor niche' in Bowman’s capsule that contains cells that may 

differentiate into podocytes, even in the adult glomerulus(39, 51, 52). 

 

In the setting of renal fibrosis, newer Cre-driver strains and more robust reporter 

lines that tag epithelial cell lineages with fluorescent markers raised questions about 

the abilities of tubular epithelial cells to undergo mesenchymal transition in vivo during 

renal fibrogenesis(38).  Although lineage tags are advertised as being `permanent', it is 

important to realize that reporter gene expression may or may not be permanent, 

depending on the context (reviewed in (53)).  Thus, although sometimes results might 

appear to be `black and white', careful interpretation is required(54). 

 

4.4 Gene recombination systems: temporal and spatial targeting in the kidney 

In addition to lineage-tracing experiments, temporal and cell-specific deletions 

have been widely employed to study all aspects of renal function, development and 

disease (Figure 2).  Recent cell-specific knockouts in the kidney have identified roles 
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for autophagy(55) and insulin signaling in podocytes(56) and planar cell polarity in 

tubular cyst formation(57) and characterized the mechanism of action of calcineurin 

inhibitors in the treatment of nephrotic syndromes(58).  Recently, more studies have 

included multiple Cre-driver strains or have added temporal control to the deletion 

strategies, permitting more extensive characterization of a gene's function.  Such an 

elegant approach was used to explore the role of Pkd2 in the formation of renal and 

extra-renal cysts(59).  In addition, global postnatal deletion of the major vascular 

endothelial growth factor (VEGF) receptor (Vegfr2/Flk1/Kdr) from mice demonstrated 

that specific vascular beds including the glomerulus are exquisitely dependent upon 

VEGF signaling for maintenance of endothelial integrity.  In the same study, deletion of 

the Vegfr from nonendothelial cell types, such as the podocyte, confirm that paracrine 

VEGF signaling against the flow of urinary filtrate dominates in mature glomeruli.  It is 

important to realize that adult temporal knockouts often require four transgenes, which 

translates to a minimum of 2 years of breeding, but payoffs can be large once the 

colony is established. 

 

Although Flp recombinases have not been as widely used for genetic targeting 

experiments as Cre-mediated gene recombination, Goldberg et al.(60) reported the 

generation of a podocyte-specific Flp recombinase-driver mouse strain.  They 

performed an elegant study in which they deleted the Lama5 using Cre-loxP 

technology.  In parallel, they were able to re-establish expression in podocytes alone, 

using Flp recombinase.  They showed that podocyte-expressed Lama5 is critical and 

sufficient for glomerular barrier integrity.  Combining both Flp and Cre recombinase 

systems allows one to design sophisticated experiments to switch genes on and off in 

more than one compartment or at different time points.  This approach has been used 

widely in the nervous system (Math1-cre and hβact-Flp) and will likely be used more 

frequently in the kidney(61). 
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4.5 CRISPR/Cas-mediated genome engineering 

 It is more common than not that targeting multiple genes are required with the 

advancement in the precision of genome editing as discussed above, to study epistatic 

gene interaction, or to investigate the functions of gene family members with redundant 

functions.  The conventional strategy involves complex breeding scheme between 

different transgenic lines.  The major limitations of this strategy include high cost, 

significant time commitment, not all transgenes are readily available, and low efficiency 

especially when three or more transgenes are required.  Very often, expansion of 

breeding colony is required in order to obtain a reasonable number of animals with all 

the desired transgenes and further increasing the costs of the experiment. 

  

 Wang et al(62) has recently published the use of type II bacterial CRISPR 

(clustered regularly interspaced short palindromic repeat)/Cas (CRISPR-associated) 

system for multiplex genome editing.  CRISPR are essential RNA-based adaptive 

immune system that recognizes foreign nucleic acids utilized by bacteria and 

archea(63).  They were first described in 1987(64) in the genome of E. coli 

characterized by a series of 29-nucleotide repeats separated with unique 32-nucleotide 

spacer sequences, which were later identified to be of viral and plasmid origin(65-67).  

It is now known that the CRISPR loci contain a series of repeats that are between 20 to 

50 base pairs which can be variable in sequence, length and number of repeat-spacer 

units from one locus to another(68, 69).  When bacteria encounter foreign virus or 

plasmid, a short segment of DNA from the invading agent is incorporated at the leader 

end of the CRISPR locus(70, 71).  The transcription of CRISPR loci, and subsequent 

processing of the primary transcript into short CRISPR-derived RNAs (crRNAs), 

together with Cas proteins and trans-activating crRNA (tracrRNA) form 

ribonucleoprotein complexes that specifically detect and destroy foreign nucleic acid 

targets(72-74).  Type II CRISPR systems consists of four Cas genes including Cas9 

which has been shown to be critical for CRISPR RNA processing and target 

destruction(70, 71, 75).  Of note, Cas9 endonuclease by itself can induce sequence-

specific double strand break (DSB) in vitro with a synthetic single-guide RNA (sgRNA) 

made of crRNA and tacrRNA(74).  The successful usage of this system to target single 
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genes has been demonstrated in human cells, zebrafish, and mice(76-78).  With that, 

Wang et al(62) attempted to take advantage of this system for multiplexing and 

successfully targeted five genes with sgRNAs specific for Tet1, Tet2, Tet3, Sry, and Uty 

with a Cas9 expressing plasmid into ES cells.  Ten percent of the 96 cones were shown 

to carry mutations in eight alleles of the five genes(62).  The same group also 

successfully targeted two genes, Tet1 andTet2, and generated double mutant mice with 

co-injection of Tet1 andTet2 sgRNAs and Cas9 mRNA into zygotes.  Of the 144 

embryos transferred, 31 pups were born and 22 mice carried targeted mutations at all 

four alleles.  Finally, this system can also introduce specific changes in the sequence, 

rather than random insertion or deletion, by co-injecting single-stranded 

oligonucleotides with designed point mutations into the target genes along with sgRNAs 

and Cas9 mRNA.  There are a few issues that require further investigation including the 

potential of off targeting and the efficacy in alteration of larger sequences such as 

inserting loxP sites.  Nonetheless, the CRISPR/Cas genome editing system offers a 

new technology to target multiple genes simultaneously. 
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Figure 2  Conditional knockout models 

(A) Podocyte-specific knockout of a gene of interest.  In this example, the gene of 

interest is flanked by two loxP sequences.  Within podocytes, podocyte-specific 

promoter (POD) drives the expression of the molecular scissor Cre recombinase, which 

causes excision of the floxed gene.  (B) Inducible podocyte-specific knockout. In this 

model, Cre recombinase is activated within podocytes with POD driven rtTA and 

doxycline and excises the floxed gene (between two loxP sequences)  

within Podocytes 

within Podocytes with Doxycycline (Dox) 
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B) Inducible Tissue Specific Knockout 
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4.6 Gain-of-function transgenics 

Discussion has focused on inactivation of gene function; however, gain-of-function 

(GOF) transgenics continue to be widely used(79).  One of the benefits of GOF 

transgenics compared with knockouts is the speed of production; mice may be studied 

in the first or second generation and founder mice are produced more rapidly than 

knockouts.  However, overexpression of proteins may result in mislocalization of the 

protein and off-target toxicities.  Increased levels of protein within a cell may cause 

problems unrelated to the gene product.  Thus, although they can be very useful, 

investigators must be careful to consider these effects when interpreting their data. 

Addition of temporal control that permits transient overexpression, may limit some of 

these issues. 

 

4.8 RNA-base approaches 

Limitations to the methods listed above include the following: the irreversibility of 

genetic alteration (except in the case of inducible GOF transgenes) and the length of 

time required to generate the mouse of interest.  Despite the drawbacks, a major 

benefit to these approaches includes the robust genetic alteration that can be 

demonstrated experimentally without a doubt.  In recent years, identification of RNAs 

that regulate endogenous gene expression has allowed development of reversible, 

efficient and scalable alternative options. 

 

There are three major types of RNA species that are used to manipulate gene 

expression in mice.  These include siRNA (small interfering RNA), shRNA (short hairpin 

RNA) and amiRNA (artificial microRNA).  The differences are outlined in Figure 3A.   

Small interfering RNAs directly target transcription and translation, ultimately knocking 

down the protein encoded by the gene of interest.  They do not require additional 

processing by the host cell and the effect is transient.  In mouse models, siRNAs have 

been used to knockdown gene expression through direct tail vein injection.  The 

challenges are obtaining robust and specific knockdown.  Shamporter delivery system 

that targets podocytes was developed to try and enhance the effect(80).  Wan et al.(81) 
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used this approach to demonstrate a protective effect of suppressing the inhibitory κB-

kinase subunit in ischemia-reperfusion acute kidney injury. 

 

 
 

Figure 3A  Comparisons between siRNA, shRNA, and amiRNA 
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Figure 3B  Glipican5 MicroRNA construct 

  

Figure 3B  Glipican5 MicroRNA construct 
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Figure 3  Three major types of RNA and Glipican5 miRNA construct.  (A) 

Comparison between siRNA, shRNA and amiRNA.  Drosha is a Class2 RNase III 

enzyme that initiates the processing of miRNA.  Dicer is an endoribonuclease in the 

RNase II family that cleaves double-stranded RNA into short double-stranded RNA 

fragments.  The RNA-induced silencing complex (RISC) degrades target messenger 

RNA.  (B) Glipican5 (Gpc5) construct is composed of podocin promoter, sequence 

modifications of endogenous miRNA backbone containing three different primary 

miRNA sequences with sequence complementary to Gpc5 and a thymidine kinase 

polyadenylation sequence.  Endogenous nuclear RNase III Drosha cleaves primary 

transcripts or pri-miRNAs and releases pre-miRNA, which is then processed in the 

cytoplasm by Dicer to form mature miRNAs.  Mature miRNAs then interact with RNA-

induced silencing complex, RISC, to cleave complementary RNA transcript and/or 

interrupt translation.  This leads to knockdown of Gpc5 in podocytes. 

 

 

 

In contrast, shRNA are vector based and transcribed in the nucleus by the host 

cell; they require processing by Dicer, an endogenous endoribonuclease, before they 

can interact with the RNA-induced silencing complex (RISC).  Thus, permanent 

expression of the shRNA can be achieved through standard embryonic stem or 

transgenic targeting approaches.  In the kidney, this approach was used to 

demonstrate a role of nonselective cation channel Nr3a in modulating aquaporin 2 

expression by direct renal artery injection(82).  Both constitutive and conditional shRNA 

expression can be achieved(83).  Recently, an inducible system using Tet-on to “switch 

on” the expression of shRNA for Vegf-A upon exposure to doxycycline, specifically in 

podocytes with podocin driving rtTA expression, successfully knockdown the 

expression of Vegf-A to about 20%(84).  When these mice were induced in adulthood, 

they developed renal failure and proteinuria with associated mesangiolysis, 

microaneurisms, endothelial swelling, glomerular basement membrane lamination, and 

podocyte effacement(84). 
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Artificial microRNAs are similar to shRNA as described above.  Both share the 

common feature of a vector-based delivery, requiring production of an intermediate 

transcript for cellular processing before they can participate in RNA interference.  

However, amiRNA specifically refers to shRNA embedded in a natural microRNA 

backbone to enhance its processing and shuttling from the nuclear compartment to the 

cytoplasm, wherein it exerts its action.  It is possible to drive these amiRNAs with 

tissue-specific promoters as was recently done to demonstrate a role for Gpc5 in 

glomerular function in mice and to provide supporting evidence that this gene, recently 

identified in a GWAS study of idiopathic nephrotic syndrome, is biologically important 

(Figure 3B)(85). 

 

The ability to scale-up gene knockdown approaches is appealing.  To this end, 

Premsrirut et al.(86) reported in Cell, a strategy to rapidly target (via Flp recombinase) 

any shRNA of interest into the Col1a1 locus of embryonic stem cells.  Doxycycline 

control and a GFP reporter are added features in the shRNA vector.  Upon addition of 

doxycycline (the mouse must also carry an rtTA-driver of choice such as the ubiquitous 

rosa-rtTA), expression of shRNA occurs and can be followed by GFP fluorescence. 

Although the Col1a1 and rosa-rtTA expression domains may not be first choice for 

kidney studies, the authors did show robust expression in kidneys(although specific cell 

types were not analyzed). Future studies may adopt this system for specific cell 

populations in the kidney using other rtTA-drivers and `anchored' genomic loci to insert 

the shRNA. 

 

Some drawbacks or facts to be considered with RNA approaches are as follows: 

gene knockdown is not complete, off-target effects may occur due to knockdown of 

other genes and nonspecific toxicity of high levels of shRNA have been reported. Thus, 

although attractive, they will not replace more conventional strategies, but provide a 

complementary approach. 
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5 Other genetic systems 
For sake of space limitations, other approaches such as congenic breeding to 

identify susceptible genes(87), zinc nucleases, nongenetic targeting systems such as 

nanoparticles and microbubble technology and tetraploid and chimeric strategies were 

not discussed.  Some have yielded exciting insights into renal disease such as 

HIVAN(88).  References for interested readers are supplied(79, 89-98). 

 

 

6 Conclusion 

As outlined above, the mouse is a powerful model system to study all aspects of 

kidney biology from development to physiology to adult diseases.  The availability of 

phenotyping centers (including fetal ultrasound, MRIs, etc.) allows in-depth analysis of 

many biologic processes.  Conventional gene-targeting strategies have provided great 

insight into kidney function; however, the development of high-throughput mutagenesis 

screens, and more refined tools that add spatial and temporal control to genetic 

regulation, allow more precise and comprehensive dissection of a gene's function.  A 

number of international consortia and resources for targeted embryonic stem cell lines, 

mice and Cre-driver strains now exist, permitting researchers to generate their mouse 

model over the `phone'.  Finally, RNA-based strategies are likely to become more and 

more widely used as a complementary system to DNA-based strategies.  Taken 

together, these exciting advances guarantee that the mouse will remain a favored 

model system for years to come. 
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1 Introduction 
 

The mouse is the most widely used model organism to study gene function in 

development, normal and in disease states.  Most of our current knowledge has been 

derived from reverse genetics where the function of a gene is dissected by altering 

expression of the gene.  As discussed in chapter 1, forward genetics is a 

complimentary, phenotype-driven approach where the researcher does not have any 

prior knowledge of the gene of interest nor the molecular pathway involved.  Forward 

genetics generate phenotypic variants.  The challenge is to identify causal genetic 

variation that leads to the observed phenotype.  The process requires a separate set of 

tools to “map” the phenotype onto a genomic region or even a gene.  Here we provide 

a brief review on current technologies used in mapping with a particular focus on the 

mouse. 

 

2 Linkage maps for quantitative trait loci (QTL) 

 Assuming each animal within an inbred mouse strain carries a completely 

identical set of genetic information, by virtue of coding sequences, introns that may 

affect splicing or regulate gene expression, methylation, and RNA regulation, to name a 

few, then linkage maps can be created to capture a segment of the genome that is 

responsible for the phenotypic variants observed in F1 generated by conventional cross 

between two inbred strains.  Genetic linkage refers to the observation that genes that 

are in close proximity tend to inherit together during meiosis hence they are genetically 

linked(1).  The recombination or crossover events during meiosis between two genes is 

a by-and-large a function of their physical separation, although this is not always true 

as some genes tend to be linked more so than others.  Therefore, the distance between 

two genes can be expressed in terms of a centimorgan, rather than the actual physical 

distance, where 1 centimorgan represents a recombinant frequency of 1%(2).  Linkage 

disequilibrium describes genes or genetic markers that are non-randomly associated 

and occur more frequently than expected based on random genetic assortment.  

Linkage disequilibrium can be observed not only among genes or genetic markers in 
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close physical proximity, but also loci on different chromosome.  A linkage map 

provides a compass of genes or genetic markers relative to each other based on their 

recombination frequency.  Traditionally, linkage maps are essential in the identification 

of quantitative trait loci that harbor genes involved in complex traits, which are typically 

expressed in varying degree and in many instances involve interaction with the 

environment. 

 

2.1 Phenotypic markers 

 Phenotype-based genetic markers were first introduced by Mendel in the 

nineteenth century.  However, there are a few prerequisites for the purpose of linkage 

analysis.  The phenotype(s) has to be robust, easily assessable, and ideally not 

affected by environment.  In pleiotropic disorders, some phenotypes are easier to 

identify than others and can be used as phenotypic markers for the disorders such as 

cataract for Wolfram syndrome(3), tail nonpigmentation in mouse model of ataxia-

telangiectasia(4), and looptail in Vangl2 mutation(5).  In contrast, molecular markers at 

the level of the DNA offer more advantages.  They are more stable, reproducible, 

detectable in all tissues, not confounded by environment, pleiotropic and epistatic 

effects(6).  The common molecular markers used in genetic mapping are discussed in 

the section to follow. 

 

2.2 Molecular markers 

2.2.1 Microsatellite 

 Microsatellites are short repeating sequences of DNA between two to six base 

pairs and are also known as simple sequence repeats or short tandem repeats(7).  

They represent greater allelic diversity compared to bi-allelic SNPs.  The variability of 

microsatellites is thought to be generated by mutation through slipped strand mispairing 

or slippage during DNA replication(8).  The use of microsatellites in linkage studies 

have successfully identified association genes including TCF7L2 and gene loci 8q21 in 

type 2 diabetes and prostate cancer respectively(9).  Minisatellites represent another 

form of variable number tandem repeat that involves 6 – 500 bp repeat units(10).  

There are more than 600000 variable number tandem repeats in the human genome, 
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less than that of SNPs (6-8 million)(10).  Specific microsatellite markers are now freely 

available to researchers online.  The Simple repeat annotation in the UCSC human 

genome browser is an online database for microsatellite.  In addition UCSC in 

conjunction with Tandem Repeat Data Base (TRDB) detected by Tandem Repeat 

Finders (TRF) in Boston annotated over 20 species.  For the laboratory mouse, Mouse 

Microsatellite Data Base of Japan provides microsatellite data has identified 1223 

markers in 22 strains.  Furthermore, researchers can search for microsatellites at a 

particular locus of interest on the genome using online tools such as RepeatMasker 

that screens DNA sequence for interspersed repeats and low complexity DNA 

sequences.  In addition to representing areas of polymorphism valuable for genetic 

mapping, microsatellites may act as functional elements binding transcription factors or 

other promoter or inhibitory proteins, as well as motif elements changing the efficiency 

of mRNA splicing(10).  In the yeasts, many mono- and dinucleotide repeats are found 

in the 3’ untranslated region and intron where they may involve in exon shuffling and 

gene conversion(11).  In contrast, in humans, the effect of these repeats on the function 

and expression of genes is less clear.  However, it is been established that 

microsatellite instability is not always innocuous as many unstable repeats such as 

CAG triplet repeats within transcribed region are found to be pathological involving a 

host of disorders such as neurodegenerative diseases(12, 13).   

 

 Microsatellites with repeats equal to or greater than 10 exerts high level of 

specificity for polymorphism and are ideal as molecular markers(14).  Microsatellites 

are currently analyzed by PCR and can be detected using various methods including 

size separation by capillary electrophoresis, fluorescently(15) or radio-labeled primers.  

Genome-wide scan can be produced with a set or microsatellite markers across the 

entire genome.  The main advantage of microsatellite is its high heterozygosity.  

However, microsatellite instability can lead to mutation within a generation and cause 

problem with allelic association.  Microsatellite experiments also tend to be more costly 

compared to SNPs.  In addition, where available, SNPs markers are more abundant for 

better genome-wide coverage and can be performed in a high throughput manner.   
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2.2.2   Single nucleotide polymorphisms 

 Single nucleotide polymorphism or SNP is a variation in DNA sequence based 

on a single nucleotide and often found in non-coding and intergenic regions.    When 

found in the coding region, these SNPs can either be synonymous that does not 

change the amino acid sequence due to redundancy of the genetic code or non-

synonymous where an alteration in amino acid sequence ensues.  SNPs in the non-

coding region may still affect transcription and splicing.  The attribution of various SNPs 

in health and disease process is beyond the scope of the current review.  I will now 

focus the rest of the discussion on its utility in linkage studies. 

 

 Several international efforts to curate data on SNPs including the National 

Center for Biotechnology Information (NCBI), the International SNP Map working group 

and the International HapMap Project have provided an expansion of data for genetic 

studies on human and model animals.  The genome coordinates for over 80 inbred 

mouse strains derived from NCBI and can be conveniently retrieved through the Mouse 

Genome Informatics (MGI) website.  SNPs are the most abundant markers in the 

genome averaging 1 SNP per 1000 bp(16).  Millions of SNPs have been identified in 

the mouse genome(17) and 30 million in cattle.  This development has greatly 

enhanced the design of high throughput SNP arrays by various companies including 

Affymetrix and Illumina.  High throughput genotyping methods include DNA chips, 

allele-specific PCR and primer extension approaches.  The new Affymetrix SNP Array 

6.0 for instance features 1.8 million human genetic markers including more than 

900000 SNPs and more than 940000 probes for detection of copy number variations.  

In mouse, the average density of SNPs array varies between 1500 to 5000 SNPs with a 

mapping resolution as little as 1 cM (averaging 2 Mb), but arrays covering more than 

600000 SNPs and 900000 probes for copy number variations are also available.  

Compared to microsatellite, SNPs offer better resolution due to higher density coverage 

and coverage for regions such as telomeres that are traditionally underrepresented by 

microsatellite markers(18), lower genotyping error rates, automation for high 

throughput, and lower mutation rate compared to microsatellites. 
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2.2.3 Other: RAPDs, AFLPs 

 Numerous molecular markers are now available including RAPD, AFLP and 

STS.  Others include restriction fragment length polymorphism, single strand 

conformation polymorphism, and target region amplification polymorphism, etc.  In 

RAPD, using short random oligonucleotide sequences, genomic DNA is differentially 

amplified and deduces rearrangements or deletions at or between the universal primer 

binding sites within the genome(19).  Although it is abundant and relatively easy to 

perform, it lacks specificity, profiling is dependent on the reaction conditions and may 

not be reproducible, and it does not differentiate between heterozygous and 

homozygous allele.  In contrast, AFLP was developed to improve reproducibility(20).  In 

AFLP, genomic DNA is digested by restriction enzymes followed by ligation with primer-

recognition sequences or adaptors, which are subsequent PCR amplified with a limited 

set of primers. 

 

2.3 Meiotic recombination 

 Meiotic recombination is the essential process that generates genetic diversity.  

Meiosis produces daughter cells with distinct assortment of allelic compositions that 

differ from their parents.  During prophase I of meiosis, tetrad consisting of four 

chromatids are in close proximity with each other which facilitates homologous 

recombination or crossover between non-sister chromatids, results in shuffling of 

maternal and paternal genomes(21).  Recombination initiates early during prophase I 

by DNA double strand breaks (DSB).  Stable homolog alignment and chromosome 

synapsis require DNA DSBs generated by SPO11 topoisomerase(22).  During 

recombination, these double strand breaks are repaired by crossover or non-crossover 

repair pathways(21).  Crossover repairs lead to formation of chiasmata, which are 

crucial for accurate alignment and segregation of the homologous chromosomes during 

metaphase I(21).  In the context of linkage studies where a phenotype is mapped to a 

certain region flanked by molecular markers, these spontaneous crossover events are 

invaluable for fine mapping and narrowing the list of candidate genes(23-25). 
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3 Sequencing technology 
 DNA sequencing is a critical development in molecular biology where the exact 

nucleotide arrangements/orders of a DNA fragment is made available.  In this section, I 

will review advances made in sequencing technologies from the gold standard Sanger 

sequencing to the new high throughput next-generation sequencing technology.  The 

sequencing technology was first developed independently in the 1970’s by Sanger and 

colleagues(26), and Maxam and Gilbert(27).  Sanger and Maxam shared the Nobel 

Prize for chemistry for their contributions concerning the determination of base 

sequences in nucleic acids in 1980.  However, Sanger sequencing is widely adopted 

due to its practicality. 

 

3.1 Sanger  

 Sanger sequencing is also referred to as dideoxy sequencing or chain 

termination.  Dideoxynucleotides, unlike naturally occurring nucleotides, contain a 

hydrogen group on the 3’ carbon rather than a hydroxyl group, and when incorporated 

into a sequence during PCR reaction terminates the extension of the DNA fragment by 

preventing addition of further nucleotide.  This occurs because a hydroxyl group is 

necessary form a phosphodiester bond between the last nucleotide and the next 

incoming nucleotide.  The process begins with a primer with the 3’ end is located next 

to the DNA sequence of interest, the solution is then divided into 4 tubes with each tube 

containing regular dNTP’s and labeled dideoxynucleotide: G, A, T, and C at a much 

lower concentration (dideoxynucleotide:dNTP = 1:100).  Both radio and fluorescence 

labeling can be used.  These dideoxynucleotides will be randomly integrated into the 

growing chains by DNA polymerase and terminate the reactions at different stages of 

extension.  When the chain of DNA is being synthesized numerous times, the 

synthesized chains will terminate at each position of the template DNA and results in 

bands of all different lengths.  Upon completion of amplification, the four reaction tubes 

are then loaded into a polyacrylamide gel and run on four separate lanes.  The 

products are separated based on the length of the chains and with the knowledge of 

the specific dideoxynucleotide used, one can then reconstruct the DNA sequence of the 

original template.  This method was automated when all four dideoxynucleotides are 
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added in a single reaction, where each dideoxynucleotide is labeled with a different 

color fluorescent dye that can be identified by laser and output in the form of a 

chromatogram.  Newer generation fluorescent dyes minimize dideoxynucleotide 

incorporation variability and hence produce more even data peaks. 

 

3.2 Maxam-Gilbert 

 This method radiolabels 5’ end of the DNA fragment of interest and uses 

chemical treatment to generate breaks at the end labeled DNA strand at the following 

bases: G, A+G, C, and C+T in 4 individual reactions, which are then separated by 

electrophoresis in a high resolution polyacrylamide gel based on size and detected by 

autoradiography.  Dimethyl sulphate selectively breaks purines whereas hydrazine for 

pyrimidines at the glycosidic bond between the ribose sugar and the base.  Because 

the procedure orders the fragment based on their sizes, the sequence of the DNA 

fragment can then be deduced. 

 

3.3 Next generation sequencing 

 Sequencing large fragments of genomic DNA became a reality with the invention 

of Sanger sequencing and whole genome shotgun approach where DNA were 

randomly broken into smaller fragments (100 – 1000 bp) and sequenced by chain 

termination was attempted as early as late 1970’s(28).  Over the next few decades, 

whole genome shotgun became more feasible as Sanger capillary sequencing became 

higher throughput.  Breakthrough in sequencing technologies led to the development of 

the so-called next-generation technology with substantial improvement in throughput 

and for the first time enabling more efficient and economic sequencing that led to de 

novo assemblies of the panda(29) and turkey(30) genomes.  The costs of sequencing 

are now 10000-times less per base compared to conventional Sanger capillary 

sequencing! 

 

 The first next-generation machine was produced in 2005.  GS20 by 454 Life 

Sciences developed a large-scale parallel pyrosequencing system where nebulized and 

adapter-ligated DNA fragments are fixed to small DNA-capture beads in a water-in-oil 
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emulsion(31).    The technology is based on sequencing by synthesis and the DNA 

fixed to the beads is amplified by PCR where light produced in luciferase-catalyzed 

reaction secondary to the release of pyrophosphate upon nucleotide incorporation is 

detected.  The newer GS FLX Titanium XL claims an average read length of 700 bp 

based on the manufacture specificities.  It has a mean error rage of 1.07%, higher in 

certain areas including presence of homopolymers(32).  In contrast, the Genome 

Analyzer introduced to the market by Illumina in 2007 was characterized by much 

shorter reads.  This technology is based on reversible dye terminators.  DNA molecules 

are attached to primers on a slide and amplified to form local colonies.  Four types of 

fluorescent-labeled reversible terminate bases are added and randomly incorporated 

into the extending PCR product(33).  After each synthesis, laser is used to remove the 

3’ terminal blocking group, which is then identified through specific fluorescence 

emission.  Read lengths have increased from original 35 bp to 100 bp with 600 Gb 

throughput with HiSeq 2500.  The main advantage of this platform is high sequence 

yield.  Another next-generation sequencing platform employs sequencing by ligation, 

developed by Life Technologies.  The SOLiDTM system, unlike the previous two 

platforms, does not employ sequencing by synthesis, rather relies on the sensitivity of 

DNA ligase for base pairing mismatches(34).  Targeted DNA is sheared into smaller 

fragments, and adaptors are ligated to the ends of the fragments producing a library 

with millions of molecules representing the entire target sequence.  Each molecule is 

then clonally amplified onto beads in an emulsion PCR reaction.  The beads are then 

covalently attached to glass slide allowing the interaction of the beads with universal 

primers, and fluorescent-labeled di-base probe.  Probes with base matching the 

unknown sequence are preferentially ligated which hybridizes to the template 

sequences emitting fluorescence for identification.  The dye is then cleaved off, leaving 

a 5’ phosphate free end for further reaction. This process is repeated for multiple 

cycles.  This platform is less costly per base, produces shorter read lengths, and slower 

than the previous two platforms.  The third-generation technologies, including single-

molecule real-time sequencing and ion semiconductor sequencing, boast even lower 

costs but may be plagued by higher error rates.  To reduce costs, an alternative for re-

sequencing is the utility of whole-exome re-sequencing.  The genomic regions of 
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interest are selectively captured through target-enrichment strategies including 

molecular inversion probes, in-solution capture, and hybrid capture.  In hybrid capture, 

microarrays containing single-stranded oligonucleotides with sequences from the model 

genome are designed.  The sample DNA is then sheared into fragments and then end-

repaired to form blunt ends and adaptors with universal priming sequences.  They are 

then hybridized to the oligos on the microarray and then amplified using PCR(35).  

Many commercially available enrichment kits are available for both humans and mouse 

such as Agilent SureSelect. 

 

 The development of next-generation sequencing makes it possible to sequence 

the whole-genome in a high throughput manner.  This technology has successfully 

identified many mutations in the mouse including Ptf1a for Danforth’s short tail(36). 

However, the technology is not perfect and poses the following challenges to the 

researchers including: challenges in assembly and alignment such as read errors, 

genomic regions that are under-represented, detection of copy number variation, 

requirement for larger coverage (usually 30X) due to shorter reads (compared to 3X for 

Sanger reads).  For the purpose of re-sequencing to identify candidate genetic variants 

for a specific phenotype of interest, each SNP or Indel called has to be confirmed by 

traditional Sanger sequencing.  This step can be labor intensive especially when the 

genomic region of interest is large.  Finally, the ultimate challenge is to ascribe 

causality between genetic variant and observed phenotypic variant. 

 

4 Mouse GWAS 

 Until recently, genetic cross is the main strategy to identify sequence variants 

that contribute to phenotypic variation in mice.  However, one of the main 

disadvantages of this strategy is the yielding of large QTL regions containing tens of 

megabases and hundreds of genes.  This significantly impedes on the ease and time 

required to identify the causal genetic variant and therefore making the exercise labor 

intensive and very costly.  However, one prudent advantage of using the mouse as a 

model animal is that in a genetic cross only a few hundred animals are required to 

identify loci that together explain 50% or more of the phenotypic variance for a 
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particular trait(37).  This contrast experiences with human GWAS, where tens of 

thousands of subjects are required to identify loci that are involved in traits, which only 

explain a small fraction of phenotypic variance(38).  Newer strategies are being 

developed to compliment the traditional cross approach.  This includes large scale 

breeding strategies, advances in microarray(39, 40) and sequencing(41) technologies.  

The Sanger Institute has recently completed sequencing 17 mouse genomes and 

discovered 71 million SNPs(42).  The Jackson Laboratory together with the University 

of North Carolina developed the Mouse Diversity Array for high-density genotyping 

based on over 600000 SNPs present in the laboratory mouse(43). 

 

4.1 Large-scale breeding strategies 

 In an effort to generate inbred strains for genetic studies, four strategies have 

been employed and will be briefly discussed in the following paragraphs. 

 

 F2 generation cross:  In this approach, two parental inbred strains are crossed to 

generate F1 strains.  The F1 strains are subsequently either mated with each other, 

also known as intercross, or mated with one of the parental strains, also known as 

backcross, to generate F2 offspring.  

 

 Recombinant inbred strains:  To further the traditional F2 generation cross as 

discussed above, sibling mating F2 intercross for at least 20 generations produces fully 

new inbred strain containing genetic materials from both the two original strains.  This 

recombinant inbred strain is characterized by identical genetic make up in each 

offspring and hence abrogating the need to genotype them as their genotypes are 

available in publically accessible domains. 

 

 The Collaborative Cross project(44):  This project involves the generation of 

recombinant inbred strains based on eight parental strains.  The resultant inbred strains 

are characterized by about equal ancestry from each of the eight parental strain.  Again 

because these mice are bred until they are fully inbred, their complete genotype is 

freely available. 
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 Heterogeneous stock:  They represent outbred offspring of eight parental strains 

and contain unique genetic make up making it necessary to genotype each animal. 

 

4.2 Mapping strategies for GWAS  

 In general, there are five general strategies including the classical inbred strain 

association, the Hybrid Mouse Diversity Panel (HMDP), the Collaborative Cross, and 

outbred stocks. 

 

 In the classical inbred strain association, commonly used laboratory mouse 

strains with known SNPs are used.  For example, in an effort to identify the genetic loci 

for high-density lipoprotein, of HDL, genotypes from forty-eight inbred mouse strains 

were used and successfully identified eleven distinct loci(45).  The inbred strains 

association provides a higher mapping resolution than genetic cross owing to their 

genetic distance from their founders, which allows more recombination events and 

increases the resolution by reducing the critical region to as little as 2 Mb(45).  Further, 

this strategy also offers the following advantages.  It does require breeding, unlike the 

classical cross and greatly reduced the time required to generate data.  Since, a larger 

number of inbred strains are used compared to two, and this translates into a much 

greater variation particularly valuable for assessment of complex disease loci.  The 

data generated is reproducible because each laboratory mouse used within each 

inbred strain has identical genetic make up.  Each mouse is homozygous at each locus, 

which increases the power of association for recessive loci.  The availability of certain 

phenotypic characterization of inbred mouse strains through the Mouse Phenome 

Project developed by the Jackson Laboratory provides additional invaluable research 

tools(46, 47).  One major problem with the use of the inbred strains association is that 

the quality of the association is dependent on the population structure based on the 

inbred strains used.  With the current commercially available inbred strains, the degree 

of their relatedness are unfortunately not far enough to identify association to the level 

of the gene(48) and more often than not problematically provides false positives due to 
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spurious associations(49-52) after correcting for population structure using efficient 

mixed-model association (EMMA). 

 

 To address the lack of power for GWAS that plagued the classical inbred strain 

association, addition of seventy recombinant inbred strains in the mapping panel by the 

HMDP approach provides a much greater statistical power(49).  Typically 30 inbred 

mouse strains are used in combination with 70 recombinant inbred strains.  This gives 

an 80% power to detect loci that account for approximately 5% of the variance of the 

trait.  Successes with this approach include the mapping of apolipoprotein A2 in 

HDL(49) and the identification of a gene network specific to the osteoblast-lineage(53). 

 

 The Collaborative Cross (CC) as described earlier in the section of “large-scale 

breeding strategies” consists of generating new inbred strains based on eight founder 

strains where five of the founders are classical inbred strains and the remaining three 

are wild-derived strains.  The use of wild-derived strains greatly enhances variance and 

corrects for population structure.  The CC consists of hundreds of independently bred 

octo-parental recombinant inbred lines.  Although the final CC strains are not yet 

available, researchers have used pre-CC (incompletely inbred) to map hematological 

phenotypes(54), and to identify a novel allele in the myxovirus resistance 1(Mx1) gene 

that increases susceptibility to influenza infection(55). 

 

 Outbred stocks provide the genetic diversity and minimize the effect of 

population structure.  However, the main disadvantage is that each animal used is 

genetically distinct and requires genotyping.  Heterogeneous stock specifically refers to 

the animals descended from eight classical inbred founder strains including A/J, AKR/J, 

BALB/cJ, C3H/MeJ, C57BL/6J, CBA/J, DBA/2J, and LP/J(56).  Diversity Outbred mice 

consist of animals generated from the eight CC founder strains including AJ, C57BL/6, 

129S/1, NOD, NZO, PWK, CAST, and WSB(57).  Alternatively, there exists 

commercially available outbred stocks that have been used in validation studies with 

peak associations within 500 kb of the causal variant(58). 
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4.3 Confirming causality 

 There are a few ways to prove confirm a gene variant in contributing to a 

complex trait and they include reciprocal hemizygosity that involves the generation of 

F1 strains with the allelic variant and deletion of the gene on the homologous 

chromosome mainly in the yeast literature(59); quantitative complementation that 

involves a pair of strains carrying different alleles at the locus and breeding with a 

knockout strain for the gene and the background strain used in the knockout(60);  

resequencing candidate genes and look for enrichment of rare variants relative to 

controls(61, 62); generation of congenic strains(63-66) where recombinant between two 

inbred strains are backcrossed to produce a strain that carries a single genomic 

segment from one strain on the genetic background of the other.  They are usually 

generated in the process of fine mapping the critical region.  When combined with gene 

expression assays, one might narrow down the number of potential genes(67, 68). 

 

5 Summary 

 The identification of a genetic locus for a phenotypic variant generated by 

forward genetics can be a challenging task.  Fortunately, with technological 

advancements, such a genome-wide SNPs, linkage maps with workable critical regions 

can be more easily identified; next-generation re-sequencing enables a quick in-depth 

examination at the sequence level.  The main challenge, in my opinion, is to confirm 

causality between a genetic variant and the observed phenotypic variant.  This is 

particularly challenging if the variant is in a non-coding region given our limited 

understanding in the genetics beyond the exons.  Once causality is made, the 

researchers now face another challenging task of working out the molecular 

mechanisms that produce a certain phenotype of interest. 
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1 Abstract  
 

Inhibition of renal glucose transport represents a novel target for the treatment of 

diabetes.  A new class of therapeutic agents that selectively block the renal tubular 

sodium-glucose co-transporter 2 (SGLT2) is under active clinical investigation.  SGLT2 

transporters play a crucial role in the reabsorption of 90% of filtered glucose load.  

Patients with mutations in the solute carrier family 5, member 2 (SLC5A2) that encodes 

SGLT2, exhibit a varying degree of glucosuria.  Due to a lack of animal models with 

sglt2 dysfunction, the efficacy and safety of SGLT2 inhibitors have remained unclear.  

Here, we describe Sweet Pee (SP), a novel mouse model generated by N-ethyl-N-

nitrosourea (ENU) mutagenesis that carries a nonsense mutation in the Slc5a2 gene 

resulting in loss of sglt2 protein function.  The phenotype of SP mutants is remarkably 

similar to patients with mutations in the Scl5a2 gene.  The SP mutants have improved 

glucose tolerance, but higher urinary excretion of calcium, and magnesium.  They also 

exhibit growth retardation.  Renal physiologic studies demonstrate a prominent distal 

osmotic diuresis without enhanced natriuresis.  KIM-1 and NGAL, markers of acute 

tubular injury, are not increased in SP mutants at baseline.  SP mice with induced 

diabetes exhibit better overall glycemic control, but have a higher risk of infection and 

exaggerated mortality rate (70% in homozygous mutants versus 10% in wild-type 

controls at 20 weeks of diabetes).  Taken together, the Sweet Pee model represents a 

powerful new tool to examine the long-term benefits and risks associated with inhibition 

of SGLT2 for the management of diabetes. 
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2 Introduction 

 

2.1 Background and Rationale 

 Over 170 million people worldwide were suffering from diabetes in the year of 

2000 and the prevalence is projected to increase to an alarming figure of 366 million by 

2030, according to the World Health Organization (WHO).  In the United States, more 

than 10% of the population aged 20 and over are diabetic (The National Institute of 

Diabetes and Digestive and Kidney Diseases, NIDDK, NIH).  According to the 

Canadian Diabetes Association, more than 9 million Canadians are living with diabetes 

or pre-diabetes and the forecast is that by 2020, this number will reach 3.7 million.  

Diabetes is a contributing factor in the deaths of approximately 41500 Canadians each 

year.  Diabetes is a systemic disease and the common cause of health complications 

including macrovascular (myocardial infarction, peripheral vascular disease, and 

cerebral vascular disease) and microvascular (nephropathy, neuropathy and 

retinopathy), as well as enhanced risk for infections and death.  In the face of this 

impending pandemic, however, the management of diabetes remains to be a major 

clinical challenge.  Three recent landmark multicenter randomized clinical trials 

studying patients with Type 2 diabetes including the Veterans Administration Diabetes 

Trial (VADT)(1), the Action in Diabetes and Vascular Disease (ADVANCE) trial(2), and 

the Action to Control Cardiovascular Risk in Diabetes (ACCORD) trial(3) underscore 

the potential benefits of tight glycemic control in improving microvascular outcomes, 

yet, these studies also highlighted an increased incidence of hypoglycemia and 

complications associated with aggressive management.  Hypoglycemia has been 

associated with increased risk of motor vehicle accident(4), major macrovascular 
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events, major microvascular events, death from both cardiovascular cause and all 

cause mortality(5).  It is therefore necessary to develop new therapies with high efficacy 

of lowering blood glucose yet a low propensity for side effects.   

 

2.1.1 Maintenance of glucose homeostasis 

 Blood glucose is tightly regulated under normal physiology.  This is at least in 

part due to the fact that the central nervous system relies almost exclusively on glucose 

as the source of energy for survival.  The brain is particularly vulnerable to 

hypoglycemia because it lacks the capacity to synthesize or store glucose. 

Hyperglycemia, however, as in the case of diabetes, results in multitudes of systemic 

complications.  Hence blood glucose is exquisitely controlled as we go between fasting 

and fed state several times a day. 

 

 Many hormones are involved in glucose metabolism, insulin and two counter-

regulatory hormones glucagon and epinephrine are three critical hormones that work in 

concert and are crucial in glucose homeostasis.  Other hormones include incretins, 

growth hormone, and cortisol.  As plasma glucose levels rise, insulin is released from 

pancreatic beta cells.  Insulin then exerts its functions on glucose metabolism and 

maintenance of euglycemia through: 

 

• Inhibition of glycogenolysis and gluconeogenesis; 

• Increased glucose transport into fat and muscle cells via translocation of Glut-4 

to the cell membrane; 

• Increased glycolysis in fat and muscle cells; 
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• Stimulation of glycogen synthesis; 

• Inhibition of glucagon production and secretion by direct downregulation of 

transcription in the glucagon gene within the pancreatic alpha cells. 

  

 Apart from the pancreas, the three major organs contribute to the maintenance 

of glucose homeostasis are the kidneys, the intestine and the liver.  The intestinal 

mucosa secrets two main incretin peptides, the glucose-dependent insulinotropic 

polypeptide (GIP) and the glucagon-like peptide-1 (GLP-1), to exert further glucose 

regulation (see review by Baggio and Drucker(6)).  Pharmacological agents specifically 

targeting this pathway, namely the GLP-1-receptor agonists and the dipeptidyl 

peptidase-4 inhibitors, have been developed.  The intestine is crucial for regulating 

glucose metabolism, however, the discussion is beyond the scope of this review.   

   

It is increasingly recognized that the kidneys also contribute to glucose 

homeostasis and they play two critical roles.  Firstly, up to 40% of all gluconeogenesis 

is of renal origin, which occurs along the proximal tubule(7).  Secondly, the kidneys are 

responsible for the filtering and reabsorption of glucose.  Over 99% of filtered plasma 

glucose is reabsorbed in the proximal tubules of the kidney(8) resulting in less than 0.5 

g of urinary excretion on a daily basis(9-11).  This represents an average of 180 g of 

glucose (640 Kcal) reabsorption from the glomerular filtrate each day on a typical North 

American diet(12).  In diabetes, glucosuria ensues when the serum glucose exceeds 

the maximum renal tubular capacity (260-350 mg/min/1.73 m2)(13), and this in general 

represents a serum glucose concentration greater than 10 mmo/L(14). 
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2.1.2 Sodium-glucose linked transporter (SGLT) 

Tubular glucose reabsorption relies on two classes of transport proteins: the 

facilitative glucose transporters (GLUTS) that allow transport of glucose from the 

basolateral aspect of renal tubular epithelium into the systemic circulation driven by a 

concentration gradient; and the sodium-dependent glucose co-transporters (SGLTs), 

which are sodium glucose symporters located in the apical brush border membrane of 

the proximal tubules.  The reabsorption of glucose by SGLTs is therefore coupled with 

sodium reabsorption, which expends energy through the maintenance of a sodium 

gradient by the basolateral Na+/K+-ATPase.  SGLTs are encoded by SLC5 (solute 

carrier family 5) family of genes.  Twelve members of the SLC5 have been described in 

human(15, 16).  Two major SGLT transporters exist in the kidneys, SGLT1 and SGLT2, 

which differ in their affinity, substrate specificity, and tissue expression.  Whereas 

SGLT1 is more widely expressed and is found in the small intestine, the distal (S2, S3) 

segments of the renal proximal tubule, in the brain and in cardiomyocytes(17-22), 

SGLT2 is primary expressed in the apical brush border of the S1 and S2 portion of the 

proximal renal tubule(19-23).  SGLT1 is a high affinity (K0.5 = 0. 4 mM) low capacity 

transporter and accounts for a small amount (10%) of filtered glucose in normal 

states(17, 24, 25) and it does not discriminate between glucose or galactose(21).  

Stoichiometrically, each transporter carries two molecules of sodium for each molecule 

of glucose or galactose(12).  SGLT2 is a low affinity (K0.5 = 2 mM) high capacity 

transporter and is responsible for the majority (over 90%) of glucose reabsorbed from 

the filtrate.  It is exclusively selective for glucose and not other monosaccharides(25, 

26).  SGLT2 spans over 7.8 kilobases in chromosome 16.  The protein product consists 

of 672 amino acids, approximately 72.9 KDa in size, and shares around 60% homology 
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with SGLT1(27).  Both SGLT1 and SGLT2 contain 14 transmembrane helices and 

extracellular hydrophobic C- and N-terminus(11).  Unlike SGLT1, SGLT2 has a sodium 

to glucose coupling ratio of 1:1.  Apart from SGLT1 and SGLT2, there may be other 

transporters that play a very minor role in glucose reabsorption, such as SLC16A12 

that encodes MCT12(9, 28).  Individuals with mutation in SLC16A12 exhibit very mild 

degree of renal glucosuria(9, 28).  The role of SGLT4, SGLT6, and SMIT1, which are 

also expressed in the kidneys, are yet to be defined(11).  SGLT6, for instance, has 

been shown to glucose transporter in rabbit(8), its role in humans remains elusive.  In 

addition to transporting solutes, some SGLTs have other functions including enhancing 

GLUT2 insertion into the enterocytes by SGLT1(29) and acting as a glucose sensor in 

neuronal cells as in the case of SGLT3(30). 

 

2.1.3 Regulation of SGLT2 expression in disease 

 In rodent models of diabetes, expression of GLUT2 in the proximal tubules is 

enhanced(31, 32), without changes in SGLT1 expression(31).  Similar to GLUT2, the 

transcription of SGLT2, the principle glucose transporter in the kidneys, seems to be 

upregulated in diabetic animal models(33-36).  And this effect is reversible upon 

treatment with insulin(33) and SGLT inhibitors(37).  In addition, the observation that the 

proximal tubular cells recovered from the urine of diabetic patients exhibit a higher 

SLGT2 mRNA level compared to healthy individuals provides further evidence that 

transcription of SGLT2 is modulated in diabetes(24).  Although it is unclear whether the 

“sensor” is at the level of plasma glucose, renal glucose load or via other mechanisms, 

there is indirect evidence that this regulation is at least in part mediated by HNF1α.  

Firstly, HNF1α expression is also increased in rodent models of diabetes(33).  The 
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decrease in expression of SGLT2 when diabetic rats are treated with insulin is also 

associated with a decrease in HNF1α expression(33).  Secondly, mutation in TCF1, 

which encodes HNF1α, leads to a syndrome known as maturity-onset diabetes of the 

young type 3 and has been associated with renal glucose wasting(38, 39).  HNF1α is a 

transcription factor and its binding site has been identified in the promoter region of 

mouse Slc5a2(39).  Interesting HNF1α knockout animals exhibit deficiency in insulin 

secretion independent of insulin transcription(40).  Unlike SGLT2, diabetic state does 

not affect SGLT1 expression(31). 

 

In addition to glucose, hypertension may have an effect on sglt2 expression, at 

least in rodent models of hypertension.  The effect of blood pressure on sglt2 

expression was first shown by Bautista et al., who described an increase in sglt2 

mRNA and protein expressions in kidneys from rats with renovascular hypertension 

induced by aortic coarctation(41).  Further, this upregulation in sglt2 expression could 

be ameliorated with either ramipril (an angiotensin converting enzyme inhibitor) or 

losartan (angiotensin II receptor blocker) treatment(42).  Interesting, hypertension alone 

does not necessarily correlate with a higher expression of sglt2 as demonstrated by 

Osorio et al, where control rats treated with high salt diet developed hypertension 

without alterations in sglt2 expressions(37).  Furthermore, rats treated with angiotensin 

II infusion developed hypertension and elevated slgt2 expressions(41).  Administration 

of nifedipine to these hypertensive rats reversed the blood pressure effect of 

angiotensin II infusion but not sglt2 expressions(41).  Taken together, the effect of 

blood pressure on expression of sglt2 seems to be mediated by angiotensin II. 
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2.1.4 Familial renal glucosuria 

Mutations in critical genes involved in glucose transport have led to various well 

characterized disorders including glucose-galactose malabsorption syndrome in 

SLC5A1 (SGLT1), Faconi-Bickel syndrome in SLC2A2 (GLUT2), and Familial renal 

glucosuria in SLC5A2 (SGLT2) mutations.  Familial renal glucosuria describes patients 

with a rare mutation in the solute carrier family 5, member 2 (SLC5A2) gene that 

encodes for a 75kDa sodium-glucose co-transporter 2 (SGLT2).  Renal glucosuria is 

distinctively not a result from hyperglycemia or global proximal tubule dysfunction as in 

the case of Fanconi-de Toni-Debré syndrome.  Affected individuals typically have 

normal oral glucose tolerance test, plasma insulin, free fatty acids, and glycated 

haemoglobin levels(43).  Urinary glucose excretion is usually stable except during 

pregnancy when the amount excreted is typically increased as a result of an increase in 

the glomerular filtration rate or GFR(43).  Familial renal glucosuria was further 

characterized into types A, B and O.  Patients with type A are characterized by a low 

renal threshold for glucose and a low maximum tubular glucose reabsorption, whereas 

type B patients also have a low threshold but normal maximum tubular glucose 

reabsorption(44).  Type O, in contrast, exhibits a complete absence of renal glucose 

reabsorption(45).  From pedigree analyses, persistent heavy glucosuria is the 

distinguishing phenotype in putative homozygous individuals, whereas heterozygotes 

have mild or no glucosuria(46).  Since the successful cloning of SLC5A2, the principle 

transporter for glucose reabsorption in the kidneys, in 1992(27) mutations that affect 

the function of this gene is now known to cause familial renal glucosuria.  Santer et al. 

reported the first confirmed mutation (in 16p11.2) on an abstract in 2000(47).  Since 

then, there have been more case reports of private mutations, and to date there are 
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over forty mutations described in the literature(48).  As mentioned above, patients with 

this disorder manifest a variable degree of glucosuria, without generalized proximal 

tubular dysfunction, depending on the type of mutation and the number of alleles 

affected; massive glucosuria of 169 g/1.73 m2/day has been reported (49), yet most of 

them remain euglycemic and have no other major clinical sequela (50).  Although in 

severe cases, renin-angiotensin-aldosterone system (RAAS) can be affected as 

evidenced by an increase in plasma renin and plasma aldosterone levels(9, 48, 51).  

Other reported ill effects include dehydration and ketosis during pregnancy and 

starvation(45), hypercalciuria(52), aminoaciduria(53-55), predilection to genitourinary 

tract infections(48, 51), and mild growth and pubertal maturation delays(56).  In 

general, patients with mild glucosuria (<10 g/1.73 m2/day) are usually heterozygous for 

mutations in SLC5A2(9).  Severe renal glucosuria (>10 g/1.73 m2/day) are described in 

patients with homozygous inheritance or compound heterozygosity(48, 57).  Mutations 

that result in haploinsufficency will cause a decreased number of transporters in the 

renal tubules and clinically type A glucosuria(9).  Certain mutations, however, may 

cause a change in affinity for glucose and lead to type B glucosuria(9, 57).  Given the 

apparent benign nature of loss of function of SGLT2, particularly partial loss, and its 

restricted renal expression, it follows that SGLT inhibition might be a valuable treatment 

for diabetes to enhance renal glucose excretion and thereby improve glycemic control.  

Indeed, preliminary clinical trials have shown SGLT2 inhibitors to be effective in 

lowering HgbA1c with little propensity to induce hypoglycaemia(58) in addition to 

achieving an average weight loss of 1.8 kg, of which fat loss is the predominant 

feature(59). 
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2.1.5 Rationale 

Numerous SGLT inhibitors have been developed and are currently under 

investigation in the treatment of diabetic patients; they include Dapagliflozin, 

Canagliflozin, YM543, GSK189075, SAR7226, and ISIS 388626(26, 60, 61)(also see 

summary of current pharmaceutical agents on clinical trials (62)).  Importantly, this 

class of agents will soon be made available for the management of type 2 diabetes.  

Because of the paucity of systematic follow up and characterization of patients carrying 

SLC5A2 mutations, and a lack of animal models that target sglt2, the efficacy and 

safety of long-term inhibition of SGLT2 is yet to be established. 

 

3 Overview of experimental approach 

Here we report the generation, mapping, and characterization of a novel mouse 

mutant named Sweet Pee (SP) that carries a nonsense mutation in the Slc5a2 gene.  

To understand the impact of sglt2 inhibition on renal physiology, we determined urine 

flow, renal hemodynamics, and electrolyte excretion in homozygous, heterozygous and 

control littermates.   We show that at baseline, sglt2 mutants manifest a distal osmotic 

diuresis with no change in proximal tubular water reabsorption.  Mutants also exhibit 

slower growth with calcium, and magnesium wasting.  At baseline, mutants have 

superior glucose tolerance but no difference in insulin sensitivity.  Finally, we generated 

a diabetic cohort to determine the effect of impaired sglt2 function in a streptozotocin 

(STZ)-induced model of diabetes.  Although diabetic sglt2 mutants exhibit improved 

glycemic control, they have markedly higher overall mortality and occasional 

development of overwhelming urosepsis, suggesting that these therapies may be 

associated with significant adverse effects. 
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4 Hypotheses 

We propose the following hypotheses: 

1. Sweet Pee model will demonstrate an altered renal flow and glomerular 

filtration rate. 

2. Sweet Pee will exhibit a better tolerance to glucose. 

3. Sweet Pee will be at a higher risk for hypoglycemia due to altered insulin 

tolerance. 

4. Sweet Pee will achieve a lower growth curve. 

5. Sweet Pee will demonstrate a greater urinary loss of fluids, glucose, and 

calcium. 

6. Urinary Calcium loss will contribute to a decreased bone mineral density 

in Sweet Pee mutants. 

7. Sweet Pee is predisposed to acute kidney injury. 

8. Diabetic Sweet Pee will demonstrate a better glucose profile but will not 

result in significant amelioration in nephropathy. 

9. Diabetic Sweet Pee is more prone to infection. 

 

5 Methods 

5.1 Generation of Sweet Pee mutant 

Inbred mouse strains C57BL/6J (B6) and C3H/HeJ (C3H) were obtained from 

the Jackson laboratory (Bar Harbor, ME).  Mutant Sweet Pee was generated on a 

genetic background of mutagenized B6 and wild-type C3H, as part of an ENU project in 

the Center for Modeling Human Disease (CMHD) for genome-wide mutagenesis, 

Toronto, Canada.  ENU mutagenesis was performed as described previously (63).  
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Mutant SP was identified on a dominant screen at week 6.  A mutant breeding line was 

established by backcrossing this founder to wild-type C3H.  The heritability of 

glucosuria was confirmed.  Subsequent backcross that involved breeding between the 

newly identified SP mutant and the wild-type C3H/HeJ mice, as well as intercross 

between SP mutants were set up for mapping and further phenotypic characterization.  

The use of the mice in this study was approved by the Mount Sinai Hospital Animal 

Care Committee, in accordance to the Ontario’s Animals for Research Act, and the 

federal Canadian Council on Animal Care.  All mice used in this study were male and 

maintained on standard rodent chow. 

 

5.2 Mutation mapping 

A rough map was generated with Illumina® genome-wide single nucleotide 

polymorphism (SNP)-based chip analysis, consisting of 1449 SNP markers, and was 

performed at the Center for Applied Genomics (TCAG), the Hospital for Sick Children, 

Toronto, Canada.  A total of 10 G2 mice exhibiting intermittent glucosuria from 

backcross breeding, 3 intercross mice with persistent high-grade (>55 mmol/L) 

glucosuria, and 3 mice G2 mice with no glucosuria were used.  Fine mapping was 

provided fee-for-service by the TCAG. 

 

5.3 Sequencing 

Direct genomic sequencing using tail DNA was carried out to cover all the exons 

and splice regions.  Genomic DNA was isolated from mouse tails as described 

previously (64).  The insertion mutation identified in exon 4 was amplified with 

Platinum® DNA polymerase (Invitrogen) and the following PCR primers, which were 
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designed based on sequence information from the Mulan ECR browser: (Sense 5’–

AAC CCA GGA AGG AGT GCT CTT GAC-3’, antisense 5’-ACC CAC AGC TTG GAG 

ACT TGC T-3’).  The above primers produced a 2164 bp PCR product, which was then 

confirmed with agarose gel electrophoresis.  The correct band was excised and purified 

with GeneClean® kit (MP Biomedicals).  The product was then sent to TCAG 

sequencing facility using traditional Sanger chain termination method.  The following 

nested primers were used to identify our mutation (a total of 6 homozygous mutants 

and 3 wild-type were used for sequencing):  (Sense 5’-AGG CAC TTC CGC TGT GTC 

TTC T-3’, antisense (for confirmation):  5’-CCA CAG CTT GGA GAC TTG CT-3’). 

 

5.4 Genotyping 
 

Genomic DNA was isolated from mouse tails (64) and PCR was used to identify 

Sweet Pee mutants with the following primers to produce a 470 bp PCR product:  

(Sense 5’-TGT GAG GCT GTC CCA AGA ATG T-3’, antisense 5’-TCA GAG TCC CAG 

CAT TTG GTC T-3’).  The PCR product was then digested with restriction enzyme TaqI 

(T↓CGA) Fast Digest (Fermentas) for 5 minutes at 65 oC (wild-type: 2 bands at 225 bp, 

245 bp; Heterozygous mutant: 3 bands at 225 bp, 245 bp, 470 bp; homozygous mutant: 

1 band at 470 bp). 

 

5.5 Immunofluorescence assay 

Freshly dissected kidneys were fixed in 4% PFA overnight at 4oC, treated with 

30% sucrose at 4oC overnight, then embedded with OCT for cryopreservation.  The 

kidneys were then sectioned at 6 µm with a Cryostat.  They were allowed to dry 
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overnight.  Non-specific staining was minimized by incubating sections in 10% BSA 

blocking PBS buffer before the application of the primary antibody.  The primary 

antibody was applied overnight at 4oC.  The sections were then rinsed with PBS before 

incubating with a secondary antibody at room temperature for 1 hour in the dark.  

VECTASHIELD® mounting medium with DAPI for nuclear stain was added before 

applying cover slips and sealing with nail polish.  The following primary antibodies and 

dilutions were used: K-17 and C-19 goat polyclonal IgG anti-mouse sglt2 at 1:100 and 

1:50 respectively (Santa Cruz Biotechnology, Inc).  Fluorescein (FITC)-conjugated 

AffiniPure donkey anti-goat IgG at 1:100 (Jackson Laboratories Inc). 

 

5.6 Real-time PCR 

Total RNA was extracted from the renal cortex using Trizol reagent (Invitrogen) 

and reverse transcribed into cDNA using M-MLV reverse transcriptase (Ferments) and 

random hexamer primers (Fermentas) according to the manufacturer’s protocol.  cDNA 

samples and standards were amplified in qPCR MasterMix Plus for SYBR Green I 

(BioRad).  Samples were analyzed in triplicate.  Relative quantification of target gene 

expression was evaluated using comparative CT method (65).  The Δ CT value was 

determined by subtracting the Hprt CT value of each sample from its respective target 

CT.  Fold changes in gene expression of the target gene were equivalent to 2-
ΔΔ

CT.  The 

following primers were used in the study:  glut1 sense 5’- TCC GGT ATC GTC AAC 

ACG GCC T-3’, antisense 5’- AGC ACA GCA CAG CCT GCC AT-3’; glut2 sense 5’- 

CGG CTG TCT CTG TGC TGC TT-3’; antisense 5’- GCA GCA CAA GTC CCA CCG 

ACA T-3’; sglt1 sense 5’- GGA AGC ATA TGA CCT GTT CTG-3’, antisense 5’- GAC 
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AGA GTG TCA GAC AAC AC-3’; sglt2 sense 5’- ATG CGC TCT TCG TGG TGC TG-3’, 

antisense 5’- ACC AAA GCG CTT GCG GAG GT-3’). 

 

5.7 24-hour urine study 

Three mice of the same genotype were used for each 24-hour study.  Two 

Nalgene metabolic cages were used simultaneously as paired experiments (matched 

for age and weights).  Amount of water consumed was obtained based on the 

difference between pre- and post-study water bottle weights.  Similarly, urine output 

was estimated with the same strategy.  The urine was centrifuged at 4oC for 10 minutes 

at 10000 rpm.  The urine samples were then flash frozen with liquid nitrogen before 

sending to the hospital biochemistry laboratory (Mount Sinai Hospital, Toronto, 

Canada).  Roche Diagnostics: automated Roche Modular was the platform used for 

analysis. 

 

5.8 Metabolic tests 

Intraperitoneal glucose tolerance test:  Mice were maintained at a normal 

light/dark cycle and fasted for 14 h with free access to water.  Each conscious mouse 

then received an IP injection of D-dextrose (1 mg/g body weight).  Blood samples were 

collected from the tail at time 0, 5, 15, 30, 60, 120 minutes, and were analyzed with the 

Bayer Contour® blood glucose monitoring system.  

  

Intraperitoneal insulin tolerance test:  Mice were fasted for 6 hours with free 

access to water.  Conscious mice then received an IP injection of insulin (Linco 

Research, St. Charles) (1.2 u/kg body weight).  Blood samples were collected at 0, 20 
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40, 60, 90, 120, 150, 210, and 230 minutes when their blood glucose returned to 

baseline. 

 

Streptozotocin (STZ) treatment:  For diabetes induction, mice were aged to 3 – 4 

weeks and received intraperitoneal injections of streptozotocin (Sigma Life Science, 

Sigma-Aldrich) at a low dose protocol of 50 mg/kg after a 4-hour fast for 5 consecutive 

days.  The dosage was adjusted daily based on their daily weights.  STZ was dissolved 

in 10 mmol/L citrate buffer pH 4.5 and was injected within 5 min of dissolution. 

Hemoglobin A1C (Hgb A1C):  Diabetic mice were aged for at least 16 weeks before 

blood samples were collected with EDTA-Vaccu tubes.  The tubes were immediately 

put on ice and Hgb A1C assay performed with Siemens DCA™ System and read by 

Bayer DCA 2000-1 (Model 5031C). 

 

5.9 Micropuncture study, invasive mean arterial blood pressure measurement, and 

bladder urine collection for analysis 

The micropuncture methodologies were validated as described previously (66).  

To determine kidney GFR and nephron filtration and reabsorption rates, mice were 

infused with 125I iothalamate (Glofil, Questcor Pharmaceuticals, Hayward, CA) at about 

40 µCi/h.  End proximal segments were identified by injecting a bolus of artificial tubular 

fluid stained with FD&C green from a 3- to 4 µm tip pipette.  All proximal collections 

were done in the last surface segment.  Fluid volume was determined from column 

length in a constant-bore capillary.  Radioactivity in tubular fluid as well as in duplicate 

samples of plasma and urine was determined in a gamma counter.   
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5.10 GFR by FITC inulin 

GFR in conscious mice was measured according to the protocol described 

previously (67).  Briefly, FITC-inulin (3.7 ml/g BW) was injected into the retroorbital 

plexus during brief isoflurane anesthesia from which the animals recovered within about 

20 sec.  At 3,7,10,15,35,55 and 75 min after the injection mice were placed in a 

restrainer, and 2 ml blood was drawn from the tail vein.  Samples were centrifuged and 

500 nl plasma was transferred into a microcapillary and diluted 1:10 in 500 mmol 

HEPES (pH 7.4).  Fluorescence was determined in 1.7 ml of each sample in a 

Nanodrop-ND-3300 fluorescence spectrometer (Nanodrop Technologies Inc, 

Wilmington, USA). GFR was calculated using a two-compartment model of two-phase 

exponential decay (68). 

 

5.11 Acute kidney injury biomarkers 

Urine samples were freshly collected and put on ice and centrifuged within 30 

min to remove insoluble elements.  Urinary aliquots were stored at -80°C and sent to 

Dr. Joseph Bonventre Laboratory for blinded analysis. 

Real-time PCR primers for NGAL: sense 5’-CTC AGA ACT TGA TCC CTG CC-3’, 

antisense 5’-TCC TTG AGG CCC AGA GAC TT-3’. 
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5.12 Histological analysis 

Freshly dissected kidneys were fixed in 10% formalin/PBS, embedded in 

paraffin, sectioned at 4 µm, and stained with hematoxylin and eosin, periodic acid-

Schiff.  Sections were examined and photographed with a DC200 Leica camera and 

Leica DMLB microscope (Leica Microsystems Inc). 

 

5.13 Statistical analysis 

Data are presented as the mean ± SEM. One-way ANOVA with Bonferroni's 

post-test for parametric data and two-tailed Chi-Square for categorical data, with 

multiple comparisons was performed using Graph Pad Prism version 4.00 for Windows, 

Graph Pad Software (San Diego, CA, USA).  For subgroup analyses between 2 groups, 

a two-tailed Student’s t test assuming homoscedasticity was used.  The null hypothesis 

was rejected when P < 0.05. 

 

6 Results 

6.1 Generation and Identification of the Sweet Pee (SP) mutants 

In collaboration with the Centre for Modeling Human Disease (CMHD) in 

Toronto, we performed an autosomal dominant N-ethyl-N-nitrosourea (ENU) screen to 

identify mutations in genes responsible for renal phenotypes.  ENU is a well-validated 

chemical mutagen that is often used in high throughput mutagenesis programs.  It 

induces point mutations in the genomic DNA of germ cells at a frequency of 1 X 10-3 

per locus, which represents over a 100-fold increase in frequency compared to baseline 

spontaneous mutation rate(69).  Numerous ENU consortiums have been established 

internationally to generate novel mouse models for a variety of human diseases (refer 
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to previous chapter and recent review by Soewarto(70)).  In this study, the high 

throughput renal screen consisted of urinalysis of G1 offspring.  ENU mutagenesis was 

performed on the C57BL/6J background.  150 G1 mice were screened and we 

identified a single phenotypic variant, Sweet Pee that exhibited isolated renal 

glucosuria with normoglycemia.  Backcrossing this founder mutant with wild-type C3H 

strain generated litters to confirm heritability of the phenotype.  Intermittent glucosuria 

was robust and heritable as a dominant trait, as it represented close to 100% 

penetrance in 50% of the G2’s.   

 

6.2 Genetic Mapping Studies 

Rough mapping with genome-wide single nucleotide polymorphism (SNP) 

markers identified mouse chromosome 7 syntenic to human chromosome 16 as the 

region of interest (Table 1 only includes partial data for illustration).  The corresponding 

logarithm of odds (LOD) score was greater than 4 (Figure 1B), which strongly supports 

the presence of a quantitative trait locus (QTL).  Further recombination from back 

crossing mapped the critical region between 127-146 Mb (Figure 1A).  Analysis of 

genes found within this interval pointed towards the Solute Carrier Family 5 member 2, 

Slc5a2, as the candidate gene.  Interestingly, the phenotype of the Sweet Pee mutants 

closely resembles the human genetic disorder of familial renal glucosuria due to 

mutations in SLC5A2. 
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Table 1 Genome-wide SNP maps the critical region to mouse chromosome 

7.  An 1449 Illumina® SNP array platform was used.  Genomic DNA samples from a 

total of 16 mice (10 G2 mice exhibiting intermittent glucosuria from backcross breeding, 

3 intercross mice with persistent high-grade (>55 mmol/L) glucosuria, and 3 G2 mice 

with no glucosuria) were obtained.  Only partial data was presented due to space 

restriction.  WT, wild-type allele; Het, heterozygous; MT, homozygous mutant allele at 

the specific SNP. 
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Figure 1 Mapping of renal glucosuria to mouse chromosome 7.  A) 

Recombination further narrows the critical region between SNPs rs3709679 and 

rs3716088.  WT represents wild-type allele, Het represents heterozygous, and MT 

represents homozygous mutant allele at the specific SNP.  B) Chromosome 7 contains 

the critical region for the Sweet Pee mutation.  The logarithm of odds scores were 

performed under the condition of a single quantitative trait locus genome scan, normal 

model assumption, binary phenotype, and inclusion of covariates by expectation-

maximization algorithm(71-73). 
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6.3 Establishing SLC5a2 to be the mutated gene for Sweet Pee mutants 

Slc5a2 is found in mouse chromosome 7 between 135 409 171 and 135 415 

944.  It consists of 14 exons spanning over 6.7 kilobases.  The transcript and 

translation lengths are 2277 bp and 674 residues, respectively.  To confirm that this 

gene harbors the mutation that is underlying the phenotype in our SP mutants, we 

performed immunofluorescence assays with two separate sglt2 antibodies against both 

the N- and the C-terminus and observed no specific signal in the renal tubules of the 

homozygous mutants (Figure 2A, and data not shown) compared to normal signal in 

the wild-type (WT). 

 

Genomic DNA isolated from the tails of 6 homozygous mutants and 3 WT mice 

were used for sequencing (refer to Materials and Methods for details).  We discovered 

a mutation with an insertion of a single thymine at position 433 in exon 4.  This 433insT 

frameshift mutation leads to the generation of a theoretical unique 73 amino acid neo-

peptide and a premature stop signal (Figure 2B).  The mutation occurs in the fourth 

transmembrane helix, which is necessary for glucose translocation(57).  Furthermore, 

such a mutation has been previously reported to result in a nonfunctional transporter in 

humans due to the deletion of the critical domains 10 to 13, which are crucial for 

substrate binding (57).  Of note, in humans, homozygosity for premature stop codon 

[347X] in exon 9 results in almost complete renal glucose wasting, however, a 

truncating mutation in exon 11 [W440X] leads to renal excretion of only half of the 

filtered glucose load(9). 
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Figure 2 Expression of sglt2 is altered in Sweet Pee mutants.  A) Homozygous 

mutants demonstrated no sglt2 protein expression in the kidney:  Immunofluorescence 

with goat polyclonal IgG antibody against the N-terminus (K17) of mouse sglt2 at 20X 

magnification. B)  Sequencing revealed an insertion of a single Thymine in exon 4 at 

position 433.  This mutation causes a frameshift and premature stop codon.  C) The 
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Sweet Pee mutants showed a significant elevation of sglt2 mRNA expression in the 

renal cortex (***p<0.001).  No significant difference in glut1, glut2, and sglt1 between 

mutants and WT were detected.  Data normalized to WT control.  Housekeeping gene 

Hprt used as internal control.  WT: Wild-type; Hets: Heterozygous mutants; MT: 

Homozygous mutants. 

 

6.4 Characterization of Sweet Pee mutants 

6.4.1 mRNA expression of glucose transporters in the renal cortex 

Similar to patients with benign familial glucosuria, the SP mutants waste glucose 

in their urine due to inefficient reabsorption of the filtered glucose load.  Interestingly 

however, they are able to maintain a euglycemic state as confirmed with multiple 

random blood glucose sampling and identical hemoglobin A1C (HgbA1c) levels 

between mutant and WT mice.  In addition to the expected changes in gluconeogenesis 

and cellular uptake of glucose, we speculate, in part, there might be a compensatory 

increase in glucose uptake through the distal sglt1 high affinity low capacity Na+ 

glucose co-transporter.  This process might involve an increased number of sglt1 

transporters that would depend upon an accelerated transcription of the Slc5a1 gene. 

However, mRNA measurement by quantitative PCR in the renal cortex of 7 WT, 11 

heterozygous, and 9 homozygous mutant mice, with hypoxanthine 

phosphoribisyltransferase 1, Hprt, as the housekeeping gene, which is not regulated by 

changes in glucose (CT values for Hprt similar between WT and mutants), showed that 

mRNA levels for sglt1 were similar between genotypes (Figure 2C).  As expected, no 

difference in the levels of glut 1 and glut 2 mRNA expression was found between the 

mutants and the WT mice.  This is similar to observations made in knockout mouse 

model of sglt1 where no changes were detected in sglt2, glut1 and glut2 at both the 
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transcript and protein levels(74).  Surprisingly, the sglt2 mRNA levels were significantly 

upregulated especially in the homozygous mutants, which showed an approximately 8-

fold increase compared to their WT littermates.  Of note, the region amplified was 

proximal to the identified mutation.  The sglt2 mRNA levels of the heterozygous 

mutants were approximately double over their WT littermates.  The above observation 

suggests that the expression of sglt2 is regulated, likely by the elevated glucose levels 

in the tubular filtrate. 

 

6.4.2 Excretory and hemodynamic function in Sweet Pee mutants exhibit calcium and 

magnesium wasting 

Given the degree of glucosuria in SP mutants, we wondered if there would also 

be a defect in proximal renal tubular reabsorption of fluid and electrolytes.  To address 

these questions, we collected 24-hour urine samples from 18 WT, 12 heterozygous 

mutants, and 30 homozygous mutants.  In addition, we carried out free flow 

micropuncture studies to directly measure proximal tubular reabsorption.  As depicted 

in Figure 3A, homozygous mutants consumed more water and produced an 

approximately 4-fold greater urine volume (p<0.001).  The amount of water intake was 

much greater than urine output, which is consistent with insensible loss as shown by 

others in mice(75).  Even more dramatic is the 24-hour urinary glucose wasting.  The 

average glucose excretion normalized to 25 g body weight was 0.34 and 0.85 in the 

WT and heterozygotes respectively, compared to 445.3 mg/day in the homozygotes 

(p<0.001) (Figure 3B).  Homozygous mutants also had enhanced excretion of urea and 

creatinine (p<0.05) (Figure 3C). 
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Figure 3  Twenty-four-hour urinary excretion of fluid and electrolytes varies in 

homozygous Sweet Pee mutants.  Data normalized to 25 g body weight. A)  MT 

consumed more water and produced a significantly higher volume of urine output.  B) 

MT lost massive amount (>400 mg) of glucose on a daily basis.  In contrast, WT and 

Hets excreted only 0.3 and 0.8 mg/d.  C) MT had a significantly higher urinary urea and 



 76 

creatinine excretion each day compared to their heterozygous mutants and WT 

littermates.  D)  MT excreted more calcium.  No significant difference in urinary urate 

and sodium excretion.  E) MT lost significantly more magnesium.  There was also a 

trend towards higher urinary phosphorous excretion in the MT.  WT, wild-type; Hets, 

heterozygous mutants; MT, homozygous mutants. (*p<0.05; ***p<0.001). 

 

 

 As described previously, patients with benign familial glucosuria are able to 

maintain normal serum electrolytes(56) but may present with loss of other 

micronutrients(49).   Hypercalciuria was identified in five of seven male children in one 

case series(52), and an elevated spot urine calcium creatinine ratio was reported in a 

long-term 20-year follow up of the original patient identified with type O glucosuria and 

SLC5A2 mutation(56).  Nephrolithiasis has also been observed but due to the rarity of 

this disorder, the risk has never been systematically studied(52).  Similar to human 

data, homozygous mutants have comparable serum levels of sodium, potassium, 

chloride, bicarbonate, urea and creatinine relative to their WT littermates.  We then 

quantified urinary calcium, phosphorous, magnesium, and urate excretion (Figure 3D, 

E).  Urinary excretion of calcium and magnesium were both significantly increased in 

homozygous mutants compared with that of WT mice (p<0.05).  There was also a trend 

towards an increased phosphate excretion but not statistically significant.  However, 

maximal tubular phosphate reabsorption was shown to be normal in a single report in 

human(56).  Mutants also exhibited greater potassium output (24-hour excretion per 25 

g body weight in mmol/d: 0.52 (WT), 0.57 (heterozygotes), 0.76 (homozygotes); 

p<0.05).  Although there is a trend towards higher urinary urate excretion in the 

mutants, the difference was not statistically significant.  Finally, none of the mice had 
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significant proteinuria.  Unaltered urinary Na+ excretion is consistent with direct 

measurements of proximal tubular reabsorption that revealed comparable single 

nephron GFRs (SNGFRs) and there were no major differences in absolute or fractional 

fluid reabsorption between WT and the homozygous mutants (percent absorption 

46.4% and 43.9% respectively; p=0.7) (Table 2).  Furthermore, there were no 

significant differences in whole kidney glomerular filtration rate determined by 

fluorescein isothiocyanate (FITC)-inulin (GFR) in conscious mice as depicted in Table 

2.  The average GFR for WT and homozygous SP mutants was 522.8 and 460 µl/min 

(p=NS).  Because SP mutants tend to have smaller kidneys, when corrected for kidney 

weight, the GFR for WT and homozygotes was identical (0.96 versus 0.97 µl.min-1mg-1 

respectively; p=NS).  In addition, mean arterial pressures were also not different 

between WT and SP mutants (89 and 85 mmHg respectively).  In conjunction with 

comparable urine osmolarity, plasma renin activity (1047 vs 1274 ng Ang1/ml hr; 

p=0.4), and serum hematocrit (Table 2) between the WT control and the mutants, our 

data suggest that under normal conditions, loss of function in sglt2 does not have any 

significant impact on volume status as long as fluid consumption can be maintained 

(Figure 3A).   
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Table 2 Sweet Pee mutants do not show signs of extravascular volume 

contraction under normal conditions.  No difference in weight, mean arterial blood 

pressure (MAP), Hematocrit (HCT) and renin.  However, urine osmolarity (Uosmol) was 

significantly lower.  Glomerular Filtration rate (GFR) as well as single nephron GFR 

(SNGFR) were similar between the mutants and the wild-type.  No difference in the 

percent of proximal absorption (Prox. Absorb.) was observed.    

 

 

6.4.3  Growth is restricted in Sweet Pee mutants 

As noted above, homozygous mutants, exhibit greater urinary loss of glucose 

and some essential micronutrients.  Accordingly, we followed the weight gain in 10 WT, 

8 heterozygotes, and 15 homozygotes from 3-14 weeks of age.  At each time point, 

body weights were significantly lower in the homozygous mutants.  Weights were also 

reduced in the heterozygotes compared to WT (p=0.001).  Thus, it appears that the 
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severity of growth restriction correlates with the number of alleles affected (Figure 4).  

Of note, growth delay was reported in humans with familial renal glucosuria(56).  

  

 

 

 

Figure 4  A decreased expression of sglt2 is associated with growth 
retardation and the effect is dose dependent.  Homozygous mutants weighed 

significantly less at each time point compared to their heterozygous and WT littermates 

(****p<0.0001).  Heterozygotes also demonstrated less weight gained compared to WT 

(***p=0.001).  WT, wild-type; Hets, heterozygous mutants; MT, homozygous mutants. 
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6.4.4 Sweet Pee Mutants exhibit improved glucose tolerance but no change in insulin 

sensitivity 

Because the SP mutants exhibit dramatic glucosuria, we investigated whether 

inhibition of sglt2 affects glucose metabolism.  A total of 8 WT, 8 heterozygous mutants, 

and 9 homozygous mutants were studied.  As shown in Figure 5A, serum glucose 

levels peaked at 15 minutes, which is consistent with other studies reported in the 

literature(76).  After administration of glucose, the average peak glucose value 

achieved was significantly lower in the homozygous mutants.  Moreover, their blood 

glucose returned to baseline earlier than the heterozygous and the WT littermates. 

  

To further evaluate the mechanism(s) of the improved glucose tolerance in the 

SP mutants, we performed a standard insulin challenge test.  Although one 

homozygous mutant and two WT mice developed significant hypoglycemia during the 

study, there was no difference in the response to insulin challenge between the 

mutants and the WT control (Figure 5B).  Thus, inhibition of sglt2 function does not 

affect tissue sensitivity to insulin, and the observed superior glucose tolerance is likely 

due to enhanced glucosuria alone.  Furthermore, mutants were not more susceptible to 

hypoglycemia compared to their WT littermates. 
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Figure 5  Sglt2 dysfunction results in better glucose tolerance without 
hypoglycemia.  A)  Standard intraperitoneal D-dextrose challenge test: 1 mg/g body 

weight after a 14-hour fast.  MT exhibited significantly lower glucose levels at the peak 
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and the recovery phase (*p<0.05).  B)  Standard insulin tolerance test: insulin 2 units 

per kg body weight after a 6-hour fast.  No difference in insulin sensitivity between the 

Sweet Pee mutants and WT mice.  WT, wild-type; Hets, heterozygous mutants; MT, 

homozygous mutants; AUC, area under the curve. 

 

 

6.4.5 Sweet Pee mutants do not show tubular injury at baseline 

The Kidney injury molecule-1 (KIM-1) and the neutrophil gelatinase-associated 

lipocalin (NGAL) are two well-validated biomarkers that are upregulated in the acute 

phase of kidney injuries in both humans and rodents.  Given the persistent exposure to 

high luminal glucose concentrations and persistent osmotic diuresis, we wondered if 

the SP mutants, particularly the homozygotes, might exhibit tubular injury at baseline.  

As shown in Figure 6, mRNA levels for NGAL in SP mutants were not elevated 

compared to the WT controls.  Furthermore, random urine samples obtained from 8 

adult WT, 4 adult heterozygous mutants, and 10 adult homozygous mutants for urinary 

KIM-1 analysis showed no increase in KIM-1 excretion amongst the mutant mice 

(Figure 7).  
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Figure 6 Sweet Pee mutants do not demonstrate any upregulation in the 

mRNA expression of NGAL.  Quantitative PCR for NGAL mRNA expression reported 

relative to wild-type.  Hprt used as internal control. 
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Figure 7 Sweet Pee mutants do not demonstrate any upregulation in KIM-1 

protein.  Random urine KIM-1 to creatinine ratio was determined for each group.  

Unexpectedly, the homozygous mutants had significantly lower ration than wild-type 

(*p<0.05). 
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6.4.6 Diabetic Sweet Pee had better glucose profile but higher mortality 

Given the superior glucose tolerance at baseline, we speculated that the SP 

mutants might be protected from the development of diabetic complications.  Therefore, 

we induced diabetes in SP male mutants and WT male controls with the low-dose 

streptozotocin (STZ) protocol.  Only mice with persistent blood sugars greater than 20 

mmol/l were included in the analysis (7 diabetic WT, 12 diabetic heterozygotes, and 23 

diabetic homozygotes).  Notably, upon the first round of STZ injection, 86% of the WT, 

93% of heterozygotes, and 52% of homozygous SP mutants became diabetic (p<0.01) 

as defined by a random blood glucose level of equal to or greater than 20 mmol/l.  Non-

responding mice were reinjected according to a 5-day low-dose STZ protocol (one WT, 

one heterozygote, and nine MT).  Of the 16 MT nonresponders, 9 were reinjected.  

Sweet Pee mutants had significantly attenuated levels of glycosylated hemoglobin 

(HgbA1C) measured at 16 weeks or over, from the time of STZ induction.  As shown in 

Figure 8A, both mutants and WT mice had similar baseline HgbA1C of approximately 

3%.  This level is comparable to that reported in the literature for C3H/HeJ inbred 

mouse strain (77).  However, no significant proteinuria was detected.  The protein-to-

creatinine ratios ± SEM at 21 weeks were 4.79 ± 1.4, 4.02 ± 1.08, and 4.18 ± 1.0 

mg/mg for WT, heterozygotes, and MT respectively (p= NS).   

 

Diabetic STZ-induced mutants had similar plasma levels of sodium, potassium, 

chloride, and bicarbonate compared to diabetic WT.  However, diabetic mutants 

exhibited a significantly higher 24-hour urinary excretion of sodium (0.7 versus 0.3 

mmol/25 g; p<0.01), potassium (1.7 versus 0.8 mmol/25 g; p<0.01), magnesium (68.1 

versus 25.6 mmol/25 g; p<0.01), phosphorus (141.7 versus 62.8 μmol/25 g; p<0.05), 
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urate (0.46 versus 0.13 mmol/25 g; p<0.05), creatinine (9.1 versus 5.2 μmol/25 g; 

p<0.01), and urea (5.4 versus 2.4 mmol/25 g; p<0.01) compared to diabetic WT.  

However, 24-hour urinary calcium excretion did not differ between diabetic SP mutants 

and diabetic WT (4.8 versus 4.7 μmol/25 g; p<0.8). 

 

Despite the improvement in glycemic control, diabetic STZ induced mutants with 

random serum glucose values greater than 20 mmol/l exhibit a markedly higher 

mortality rate compared with diabetic WT mice.  As illustrated in Figure 8B, <30% of the 

homozygous mutants survived to week 20 from the day of STZ induction, compared to 

50% and 90% of the heterozygotes and the WT, respectively.  Although the cause of 

death could not be determined for all the mice, urinary tract infections were observed in 

a number of cases manifested as cloudy urine and detection of bacteria on gram stain 

amongst the diabetic homozygous and heterozygous cohorts (15% and 20% 

respectively versus none in WT: p= NS).  Moreover, kidneys of these mice when 

harvested at a pre-terminal stage, showed massive infiltration by polymorphonuclear 

white blood cells, together with parenchymal necrosis (Figure 8D).  Furthermore, 

diabetic homozygous SP mutants excreted substantially higher amount of glucose 

averaging 1197 mg each day, a 2.7 fold higher compared to non-diabetic homozygous 

mutants (444 mg) and 1.8 fold higher compared to diabetic WT littermates (662 mg).  

Diabetic homozygous SP mutants excreted massive volumes of urine.  As depicted in 

Figures 8C and 9, an average 25 g mouse produced 29 ± 2.3 ml of urine per day, which 

is greater than its entire body weight.  The degree of polyuria in the diabetic WT was 

significantly less, they excreted an average of 12.5 ml of urine per 24 hours (p<0.0001).   



 87 

 
 
 

Figure 8 Diabetic Sweet Pee demonstrates a superior glycemic control but a 
higher mortality.  A)  The diabetic Sweet Pee mutants (both Hets and MT) had better 

glycemic control, they had significantly lower HgbA1C compared to diabetic WT mice.  
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No difference in HgbA1C between nondiabetic homozygous mutants and WT.  As 

expected, diabetics had significantly higher average HgbA1C compared with the 

nondiabetics (p<0.05).  Blood samples were obtained from studied animals after >16 

weeks from STZ injection.  Diabetes was confirmed with random blood glucose > 20 

mmol/L.  (One way ANOVA: ** p<0.01; ***p<0.001).  B)  The diabetic Sweet Pee 

mutants exhibited significantly higher mortality compared to the diabetic WT mice 

(p<0.05: Log rank Test – χ2).  Mice were followed from the date of low-dose STZ 

injection. C)  Diabetic homozygous Sweet Pee Mutants exhibited dramatic 24-hour 

urine output (t-test:***p < 0.005).  D) Severe pyelonephritis and sepsis in a diabetic 

Sweet Pee mutant.  (I and II) At lower magnification, there was a significant leukocytic 

infiltration (double arrowhead), (II) showed dramatic necrotic kidney parenchyma; (III 

and IV) higher magnifications delineate tubular white blood cell casts (blocked arrow).  

Infections were not observed in diabetic WT mice or nondiabetic WT and mutants. 

 
 

 

 

Figure 9 Diabetic Sweet Pee mutant exhibited significant dehydration.  We 

demonstrated tenting of the skin fold in this pre-morbid mouse. 
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7 Discussions  

 

 Promoting urinary excretion of glucose is an emerging strategy for the 

management of Type 2 diabetics.  To this end, SGLT inhibitors are under investigation 

in 13 current clinical trials around the world.  In the past, the utility of SGLT inhibitors 

such as phlorizin were limited because of their lack of selectivity for SGLT2(78).  

Because SGLT1 cotransporters are predominantly expressed in the brush border 

surface of the small intestine, non-selective SGLT inhibition leads to osmotic diarrhea 

and other intolerable gastrointestinal side effects in addition to glucose and galactose 

malabsorption.  The compounds currently in clinical trials have >1400-fold selectivity for 

SGLT2 relative to other SGLTs(79).  In this study, we generated a mouse lacking sglt2 

using ENU mutagenesis, which provides an excellent model system to study the effect 

of sglt2 inhibition in diabetic and non-diabetic states. 

 

 First, we showed that the genetic mutation that underlies the Sweet Pee 

phenotype is due to a single thymine insertion in exon 4 of the Slc5a2 gene.  This 

mutation is predicted to result in a frameshift and a premature stop codon.  Although 

ENU mutagenesis usually generates point mutations resulting in single base changes, 

insertion mutations have been reported previously(80, 81).  In fact, one- or two-base 

insertion mutation occurred up to 37% in one series(82).  Both Western blotting (not 

shown) and immunofluorescence provided evidence that the sglt2 protein is not 

expressed in proximal tubules of Sweet Pee mutants.  Moreover, our mutants behave 

similarly to patients with familial renal glucosuria, which arises as the result of loss of 

function SLC5A2 mutations.  In contrast, at the mRNA level, we observed an 
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upregulation of sglt2 expression in isolated renal cortex of the Sweet Pee mutants, 

suggesting that expression of sglt2 may be regulated, perhaps by the elevated tubular 

glucose levels.  It has been documented that glucose sensors in the intestine such as 

taste receptor, type 1, members 2 and 3 (T1R2, T1R3) affect expressions of intestinal 

sglt expressions.  Interestingly, T1R2 is expressed in HEK-293 cell line (Model 

Organism Protein Expression Database (MOPED)) as well as kidneys based on high-

density oligonucleotide array (BIOGPS: biogps.org).  Similarly, T1R3 RNA is detected 

in the kidneys (Human BodyMap 2.0 data from Illumina – Ensembl).  Furthermore, it 

has been well established that renal sglt2 expressions are increased in diabetic 

state(33, 35) where both plasma and urine glucose concentrations are elevated.  Thus, 

it is possible that the regulation of renal SGLT2 expressions occurs at the renal tubules.  

Our real-time primers were designed to amplify a region proximal to the nonsense 

mutation, which was likely protected from endogenous nonsense-mediated mRNA 

decay(83-87).  The expression of sglt1 transcripts was not different.  However, this 

does not preclude changes at the protein level.  It has been shown recently that 

infusion of D-glucose in the intestine, specifically the duodenum and proximal jejunum 

of Sprague-Dawley rats, led to a 2.9-fold upregulation in total sglt1 proteins (inside 

intestinal cells as well as on the luminal brush border) compared to water or D-mannitol 

infusions(88).  The increase in sglt2 was not due to activation in gene transcription(88), 

rather, it seems to be at least in part mediated by Hsp70 at the post-translational 

level(89). 

 

 Similar to patients with mutations in both SLC5A2 alleles, homozygous Sweet 

Pee mutants exhibit dramatic glucosuria of >400 mg each day.  Despite their 
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remarkable glucosuria, like patients with type O glucosuria, homozygous SP are 

euglycemic and have similar HgbA1c as their WT littermates.  The heterozygous 

mutants have a phenotype intermediate between WT and the homozygotes.  We did 

not detect any overt urinary sodium wasting, consistent with an analysis of proximal 

tubular reabsorption and renal hemodynamics that revealed only mild differences 

between mutants and WT mice, perhaps mediated by the epithelium sodium channel 

activated by a higher flow state.  Importantly, proximal tubular fluid reabsorption was 

not affected by lack of sglt2 function.  Finally, there was no evidence that persistent 

massive glucosuria results in acute tubular injury or stress as KIM-1 and NGAL levels 

were not elevated in homozygous mutants.  The apparent benign nature of persistent 

glucosuria and the isolated distal osmotic diuresis that promotes free water loss without 

sodium wasting, raises the intriguing possibility that SGLT2 inhibitors might be a 

therapeutic option to treat conditions of water overload, such as the syndrome of 

inappropriate anti-diuretic hormone (SIADH).  Despite the absence of major differences 

in electrolyte excretion, the massive glucosuria was associated with an increased 

urinary excretion of calcium, magnesium, potassium, creatinine and urea.  According to 

a review on nutrients for laboratory mice, the daily recommended dietary intake for 

sodium, chloride, potassium, calcium, phosphorus, and magnesium are 4 g, 4 g, 9 g, 5 

g, 3 g, and 0.5 g per kg of diet respectively(90).  Assuming an average diet of 5 g each 

day, the corresponding daily intake amounts to 20 mg (870 μmol), 20 mg (564 μmol), 

45 mg (1152 μmol), 25 mg (624 μmol), 15 mg (484 μmol), and 2.5 mg (103 μmol) 

respectively.  Although the daily urinary excretion of calcium and phosphorous are 

significantly higher amongst the mutants, 4 and 31.1 μmol/25 g body weight, this may 

not be physiologically significant as their minimal dietary intake is 256 and 484 μmol 



 92 

respectively.  Of note, gastrointestinal absorption of calcium and magnesium as well as 

their respective serum levels were not investigated in the current study.  In humans, 

hypercalciuria without hypocalcemia was previously reported(52, 56). The higher 

amount of calcium and magnesium loss in the urine may reflect an impaired voltage 

mediated absorption in the distal nephron secondary to a high flow state (91, 92).  This 

is consistent with a distal nephron flow-mediated mechanism for the observed 

accentuated urinary potassium excretion of 760 μmol /25 g body weight/day amongst 

the homozygous SP mutants.  This daily urinary excretion of potassium represents a 

significant amount compared to the average daily potassium intake of 1152 μmol.  

However, these mice were consuming a greater amount of food and were able to 

maintain a normal serum potassium level.  

 

Diabetic SP mutants have significantly higher urinary excretion of almost all of 

the electrolytes analyzed in this study compared to both diabetic WT and non-diabetic 

SP mutants, except for calcium.  Interesting, 24-hour urate excretion was significantly 

higher amongst the diabetic SP mutants compared to diabetic WT controls consistent 

with clinical data on patients treated with SGLT inhibitors(93).  In the renal tubules, 

urate reabsorption is dependent on a number of transporters: GLUT9, URAT1, OAK4, 

OAK10(94).  GLUT9b is an apical uniporter whose urate uptake could be inhibited by 

SGLT inhibitors such as phlorizin(95), which may explain the observations of a lower 

serum acid levels in patients treated with SGLT inhibitors but not for our mouse model.  

Interestingly, diabetes has been associated with low serum uric acid levels(96, 97), 

which has been correlated with urine glucose excretion(98) and may explain the 

observed enhanced uric acid excretion in our diabetic SP mutants. 



 93 

   

Given the significant reduction in growth of mutants compared to WT, the safety 

of SGLT2 inhibition in diabetic children and the long term effects on bone mineral 

metabolism in adults should be scrutinized.  Delayed growth and pubertal maturation in 

patients affected by familial renal glucosuria was previously reported(56).  Due to the 

rarity of this condition and the various severity of glucosuria, patients are not 

systematically followed.  The observed significantly larger creatinine and urea output in 

the mutants while their GFR was comparable to the WT, together with a trend towards 

increased urinary phosphate excretion and a retardation to weight gain, suggest that 

these mice may well be in a catabolic state(99).  We speculate that the heterozygous 

mutants may also be in a relative catabolic state to explain the observed lower weight 

gain.  In the management of Type 2 diabetes, induction of weight loss may be 

desirable.  However, this effect on the nutritional status in special populations including 

those with end-stage renal failure will require further investigation. 

 

 The potential benefit of SGLT2 inhibition to lower blood glucose in diabetes is 

supported by our study.  Sweet Pee mutants demonstrated better glucose tolerance, 

presumably related to renal glucose wasting since insulin sensitivity is unaffected.  

Furthermore, at baseline, sglt2 inhibition does not predispose to hypoglycemia or acute 

kidney injury.  In turn, with diabetes, the mutants have improved glucose control 

including lower HgbA1c levels.  This mirrors an average 6% reduction in HgbA1c in 

patients treated with SGLT2 inhibitors(100) and the effect seems to maintain when 

patients are evaluated at the 52-week mark(59).  Despite an improvement in metabolic 

control, this did not translate into a better overall clinical outcome amongst the Sweet 
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Pee mutants.  There was no observed difference in protein/creatinine ratios, although 

the C3H strain is relatively resistant to diabetic nephropathy.  Moreover, mortality rate 

was significantly higher in diabetic Sweet Pee mutants that can be explained, at least in 

part, by increased risk of urosepsis.  Future study with antibiotic administration will 

elucidate the impact of urosepsis on mortality.  Interestingly, a pilot study of SGLT 

inhibitors in patients with type 2 diabetes also showed a predilection to genitourinary 

tract infections(58, 101).  More importantly, diabetic SP mutants, particularly the 

homozygotes, generate extremely large daily urine volumes that are comparable to 

their body weights.  Failure to maintain adequate fluid intake to replace the urinary loss 

will result in severe intravascular volume contraction.   

 

 It is interesting that homozygotes appear more resistant to STZ-induced 

diabetes.  Nine of 26 homozygotes required a second STZ induction compared to 1 in 

each of the other groups.  Although the cumulative STZ dose was higher in those 

injected twice, statistical analysis of mortality differences in diabetic mice injected only 

once with STZ was similar to whole group analysis.  None of the mice died within the 

first two weeks following re-injection.  Taken together, the data suggests that mortality 

is not due to direct STZ toxicity, but the mechanism of STZ resistance requires further 

investigation. 

 

In summary, we report here the generation of a novel sglt2 mouse mutant.  This 

mutant represents a useful model for the study of SGLT2 inhibition in the treatment of 

diabetes.  The short-term efficacy in better glucose control has been demonstrated in 

our diabetic mutants.  Since SGLT inhibitors may lower blood pressure, the effect on 
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blood pressure in STZ-induced diabetic mutants remains to be examined.  Finally, our 

data point to the potential risks of using SGLT2 inhibitors for glycemic control in 

diabetes with respect to infection, malnutrition and volume contraction and suggests 

that these areas should be carefully evaluated in patients receiving SGLT2 inhibitors. 

 

8 Future directions 

 

 Based on the data from the current study, we have proposed some interesting 

areas to pursue for future endeavors.   

 

8.1 Long-term effect on bone metabolism 

A potential concern of SGLT2 inhibition is its effect on calcium, phosphorus and 

bone metabolism.  Although we demonstrated in this study homozygous SP mutants 

exhibit hypercalciuria and a trend towards increased urinary phosphorus excretion, 

serum levels of calcium, phosphorus, and parathyroid hormone were not measured.  

We propose ageing homozygous SP mutants (males and females) and their WT 

littermates (males and females) to 1 year of age and obtain blood levels of calcium, 

phosphorus, and parathyroid hormone.  Both males and females are used due to 

potential differences in bone metabolism secondary to sex(102).  Homozygous SP 

mutants and WT littermates are generated by setting up breeding between 

heterozygous males and females.  This is to avoid the potential effect of plausible 

differences in maternal milk production and contents, as well as feeding between 

homozygous and heterozygous parents, on bone formation in the offspring.  In addition, 

kidneys will be harvested for evaluation of presence of tissue calcifications with 
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hemotoxylin and eosin, and von Kossa stain.  Bone mineralization can be assessed by 

measuring whole body bone mineral density (g/cm2), bone mineral content (g), and 

bone area (cm2) following euthanasia using peripheral dual-energy X-ray 

absorptiometry (pDXA)(103).  In addition, trabecular and cortical bone morphology can 

be measured using high-resolution μCT(84).  The experiment will be repeated for 

diabetic animals.  Due to the observed high mortality in the diabetic homozygous SP 

cohort, only serum levels of calcium, phosphorus, and parathyroid hormone will be 

measured and compared to diabetic WT controls at 3 weeks after confirmation of 

induction with STZ (3 weeks is chosen because diabetic homozygotes started to die at 

around 5 weeks).  Bone density and morphology will not be assessed due to the short 

duration of diabetic state. 

 

8.2 Effect of GFR on serum electrolytes and glucose 

 Pregnancy is a normal physiological state that results in an increase in 

GFR(104).  To evaluate if an increase GFR will affect total daily glucose and electrolyte 

excretion and serum electrolyte profile, near term pregnant homozygous SP mutants 

and their pregnant WT littermates will be used in the experiment.  Serum levels of 

glucose, sodium, potassium, calcium, phosphorus, magnesium, uric acid, and HgbA1C 

will be collected.  A 24-hour urine collection and measurement of urine volume, urine 

excretion of sodium, potassium, calcium, phosphorus, magnesium, and uric acid will 

also be performed. 

 

 To induce a lower GFR state, both 6- to 8-week old homozygous SP mutants 

and WT littermates are treated with 6-day reversible right-sided unilateral ureteral 
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obstruction, followed by permanent left-sided ureteral obstruction 1 week after relief of 

right-sided obstruction(105).  At 3 weeks after the procedure for left-sided ureteral 

obstruction, serum levels of creatinine, urea, glucose, sodium, potassium, calcium, 

phosphorus, magnesium, uric acid, and HgbA1C will be collected.  A 24-hour urine 

collection and measurement of urine volume, urine excretion of sodium, potassium, 

calcium, phosphorus, magnesium, and uric acid will also be performed. 
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1 Abstract 
 
Cystic kidney diseases represent the primary genetic cause of end-stage renal disease 

in North America, contributing up to 5% of incident cases.  Glomerulocystic kidney 

disease (GCKD), a subtype of renal cystic disorder that embodies a heterogeneous 

group of disorders characterized by dilatation of the Bowman’s space.  Recently, mice 

with mutations in the Bardet-Biedl syndrome genes and fat4 demonstrate perturbed 

planar cell polarity (PCP) at the molecular level.  Here, we report a new mouse model 

of GCKD with possible PCP involvement.  Method: To generate the GCKD mouse 

mutant, we took the forward genetic approach with N-ethyl-N-nitrosourea (ENU) 

mutagenesis.  Mutagenized C57BL/6J male mice were bred with wild-type C3H/HeJ 

female mice.  GCKD mutant was found on a dominant screen and further 

characterized.  Results: We identified a point mutation in Samd9l that causes a single 

amino acid substitution from serine to threonine (S169T).  GCKD mutants demonstrate 

variable degree of Bowman’s capsule dilation and tubular cystic disease.  Homozygous 

mutants do not survive beyond P0.  Glomerulocysts are present in most P0 

homozygous mutants.  GCKD mutants manifest “kinked” tail and disoriented inner ear 

hair cells, phenotypes suggestive of PCP defects.  Immunoprecipitation from HEK293T 

cells transiently transfected with vector expressing wild-type Samd9l cDNA and further 

mass spectrometry reveals potential protein partners involved in the ubiquitin 

proteasome pathway, specifically Stub1, whose substrate is P53.  Surprisingly, we 

found lower protein levels of P53 and P21 in whole kidney lysate from homozygous 

mutants compared to their wild-type littermates.   Summary:  Taken together, we 

generated a mouse novel model of cystic kidneys using forward genetics.  The 

mutation seems to manifest some PCP phenotypes and affect cell cycle regulation.  

The connection between PCP and cell cycle regulation, if exists, is yet to be 

determined. 

 
 
  



 106 

2 Introduction 
 

2.1 Background and Rationale 
 

2.1.1 Cystic kidney diseases 

  

 

Cystic kidney disease is the most common genetic cause of end-stage renal 

disease (ESRD)(1), and it is responsible for approximately 5% of incident cases in 

North America(2), and 8-10% in Europe and Australia(3).  Notwithstanding the 

astounding financial burden of ESRD, which accounted for almost 15% of the total 

annual Medicare spending in the United States(4), its impact on the level of the 

individual patient is enormous.  Dialysis patients have an average 5-year survival of 

only 37% and an all-cause hospitalization of 2 per patient year(4).  

 

Over the past 2 decades, great strides have been made in our understanding of 

cystic kidney disease.  Positional cloning in humans and mice led to the discovery of 

some key critical genes responsible for cyst formation and disease.  These range from 

monogenic mutations in genes responsible for autosomal dominant polycystic kidney 

disease (ADPKD)/(PKD1, PKD2) and autosomal recessive polycystic kidney disease 

(ARPKD)/(PKHD1), to complex pleiotropic disorders including nephronopthisis, 

medullary cystic kidney disease (MCKD) type 2 (UMOD/THP)(5, 6), and Hepatocyte 

Nuclear Factor 1β (HNF1β) in MODY type 5(7).  Hepatocyte Nuclear Factor 1β is a 

transcription factor and appears to regulate the expression of a number of these cystic 

genes including PKHD1, PKD2, UMOD and IFT88(7).  Interestingly, one of the most 

penetrant phenotypes is the presence of an unusual form of cystic kidney disease 

involving the glomeruli.  Kidney cysts are observed in a transgenic mouse model 

expressing dominant-negative HNF1β(8).  Furthermore, two novel mutations in Hnf1β 

characterized by glomerulocystic kidneys, pancreas hypoplasia, and abnormal 

development of genital tracts, also showed an increased expression of polycystin-1, 

polycystin-2, fibrocystin, and uromodulin in the cysts(9).  The following sections are 
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devoted to a general summary of both cystic kidney diseases and glomerulocystic 

kidney diseases. 

 

The most common form of adult monogenic cystic kidney disease is ADPKD, 

which occurs in approximately 1 in 400(10) to 1 in1000(11) live births.  Mutations in 

PKD1 (16p13.3) or PKD2 (4q21)(12) have been established as the cause of ADPKD.  

About 50-75% of the patients with ADPKD progress to ESRD(13, 14).  The annual 

incidence of ESRD due to ADPKD in men and women were 8.7 and 6.9 per million in 

the United States (1998-2001)(11, 15), 7.8 and 6.0 per million in Europe (1998-

1999)(16), and 5.6 and 4.0 per million in Japan (1999-2000)(17).  PKD1 consists of 46 

exons and encodes a large receptor-like protein comprising 4303 amino acids known 

as polycystin-1 (PC1).  Polycystin-1 contains 11 transmembrane domains, a large 

extracellular amino-terminus of over 3000 amino acids with 12 PKD domains, and a 

short intracellular 200 amino acid carboxyl-terminal tail(18-20).  Polycystin-1 is involved 

in a number of cellular processes including cell-cell and cell-matrix adhesion, cell 

signaling cascades and renal tubulogenesis(21).  Polycystin-2 (PC2), the protein 

product of PKD2, consists of 15 exons, and plays a role in cell calcium signaling(22-24) 

through the transport of calcium into the plasma membrane and the endoplasmic 

reticulum(25).  The two polycystins interact via their cytoplasmic domains to form a 

dimeric complex(23). Interestingly, both PC1 and PC2 are found in the cilium/basal 

body complex (CBC) ((26, 27) where many other cystic genes are localized.  Mutations 

in PKD1 are generally associated with more aggressive progression, and an earlier 

age of ESRD at 54.3 years compared to 74 years in patients with mutations in 

PKD2(28, 29).  This observation is most likely attributable to an earlier age of onset in 

PKD1(30).  PKD1 mutations accounts for about 85% of ADPKD(31).  Candidate 

mutations are identified in about 90% of the ADPKD cases(28).  A larger proportion of 

truncating compared to missense mutations have been identified, however, the position 

of the mutations rather than the type predicts the severity of the phenotype(32).  

Autosomal recessive PKD (ARPKD) is another monogenic disorder caused by 

mutations in PKHD1, which encodes fibrocystin.  It presents much earlier in life during 

neonatal or early childhood(33), and affects about 1 in 10,000 live births(34).  
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Fibrocystin is also localized to the CBC and it interacts with PC2.  The main phenotype 

in both ADPKD and ARPKD is the development of kidney cysts.  They share a 

common feature of having a variable degree of phenotypic expression even for affected 

individuals within the same family(15).  In ADPKD, cysts in other organs including the 

liver, pancreas, seminal vesicles, and arachnoid have been reported.  In addition, 

intracranial aneurysm is about 5 times more common than that in the general 

population(11).  Cardiac defects, predominantly valvular abnormalities, have also been 

reported(1).  

 

Although ADPKD is inherited in an autosomal dominant fashion, at the cellular 

level, a two-hit hypothesis has been widely accepted, based on the observation that 

focal cyst development is associated with loss of heterozygosity or other somatic 

mutations(35, 36).  Mice homozygous for Pkd1 or Pkd2 mutations die embryonically 

between E12.5 to E16.5 with cystic kidneys(37).  Heterozygous mutants have fewer 

tubular cysts; glomerular and hepatic cysts have been observed and they do not die 

prematurely(38).  In some cysts, the second hit does not lead to inactivation of both 

alleles of a single PKD locus, but rather inactivation of a single allele at each PKD 

locus suggesting that trans-heterozygosity of the two genes is sufficient for 

cystogenesis(39).  The observation that a hypomorphic mouse model expressing about 

20% Pkd1 are viable and develop kidney cysts, hepatic cysts and aortic aneurysm(40), 

leads to the threshold model of cystogenesis whereby cysts ensue when the combined 

expression of PC1 and PC2 has fallen below a critical threshold(41).   

 

Apart from the prototypic monogenic cystic kidney diseases, there exists a 

separate rare group of pleiotropic disorders where kidney cysts and in many cases, 

glomerular cysts, and cystic dysplasia are part of the constellation of phenotypes.  

These disorders are characterized by marked genetic heterogeneity and are reviewed 

in the following sections. 
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2.1.2 Glomerulocystic kidney diseases 

 

Glomerulocystic kidneys were identified at least as early as 1941 in an infant 

suffered from renal failure and cystic changes in the glomeruli(42).  Since then, there 

were case reports of this disease mainly appearing in the pediatric literature(43-45).  

Glomerular cysts have been identified in 3 clinical settings 1) isolated non-syndromic 

glomerulocystic disease (GCKD) that are heritable or due to sporadic mutations 2) 

glomerulocystic disease associated with heritable malformation syndromes and 3) 

glomerulocystic disease in connection with dysplastic kidneys (46-48).  Most recently, 

due to the complexity of GCKD, a new classification has been proposed(49).  In 

addition to the original GCKD associated with heritable malformation syndromes (such 

as tuberous sclerosis complex or TSC(50), Jeune syndrome(48), Meckel-Gruber 

syndrome(51), orofaciodigital syndrome(52), brachymesomelia renal syndrome(53), 

short rib-polydactyly syndrome(54), Zellweger syndrome(55), nephronophthisis(56), 

medullary cystic kidney disease type 2(57), Bardet-Biedl syndrome(58), and maturity-

onset diabetes of the young (MODY5)(59) etc), a new category of non-mendelian 

syndromic GCKD including trisomy 9, 13, and 18 has been added; acquired GCKD (as 

in hemolytic uremic syndrome) is combined with dysplastic kidneys; sporadic GCKD is 

separated from familial non-syndromic which mainly comprises of autosomal dominant 

polycystic kidney diseases.  It is worth noting that most of these diseases are also 

associated with tubular cysts, although to a lesser extent.  In the next few paragraphs, I 

will highlight some of these interesting disorders. 

 

Mutation in TSC have resulted in variable degree of glomerulocystic changes 

which can sometimes be undetectable or even found in unilateral kidneys(50).  The 

protein products, tuberin and hamartin, are believed to be tumor suppressors and 

function to regulate cell growth and proliferation.  Interestingly, these proteins are 

critical in suppressing the activity of the mammalian target of rapamycin complex 1 

(mTORC1) and therefore loss of function results in constitutively active mTORC1 

pathway(60).   
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GCKD have been described in patients with medullary cystic kidney disease 

type 2 (MCKD2), also known as familial juvenile hyperuricemic nephropathy in the 

pediatric literature(61, 62).  The UMOD encodes the protein uromodulin/Tamm-Horsfall 

protein, which is exclusively secreted in the thick ascending limb of the loop of 

Henle(63).  A majority of the mutations found in human results in abnormal assembly of 

uromodulin and subsequent accumulation within the endoplasmic reticulum(64-66).  

Immature tubular developments in addition to glomerular cystic changes have also 

been reported(57).  Although MCKD2 is inherited in an autosomal dominant pattern, 

patients with both alleles affected have a more aggressive course of the disease(67). 

 

Nephronophthisis (NPHP) is a group of autosomal recessive disorder 

characterized by cysts formation in the renal medullar and at the corticomedullary 

junction(68) in addition to tubular basement membrane abnormalities and interstitial 

fibrosis(69).  It leads to kidney impairment much earlier in life.  The majority of the 

cases of NPHP have ben associated with mutations in the NPHP1 gene, which 

encodes the protein nephrocystin-1(68).  However, only NPHP3 has been specifically 

linked to GCKD.  Mutations in NPHP3 lead to early embryonic patterning defects with a 

multisystem involvement including and not limited to GCKD, structural heart defects, 

situs inversus, and polydactyly(51).  A double heterozygous hypomorphic Nphp3pcy/ko 

mouse model recapitulates kidney cysts affecting both the Bowman’s capsule and the 

renal tubules(70).  Interestingly, nephrocystin-3, the protein product of NPHP3, 

coprecipitates with inversin (NPHP2 gene product), which plays a critical role in 

inhibiting the canonical Wnt signaling pathway(51).  In addition, nephrocystin-3 inhibits 

disheveled-1 mediated canonical Wnt signaling independent of inversin and involves 

the planar cell polarity (PCP) pathway, a non-canonical Wnt pathway.  Knockdown of 

NPHP3 results in abnormal convergent extension in Xenopus, asserting its role in PCP 

signaling.  Nephrocystin-3, similar to other NPHP proteins, is expressed in the primary 

cilium/basal body complex(51).  In addition to NPHP, other rare pleiotropic disorders of 

cystic kidneys where the respective protein products are localized within the primary 

cilia/basal bodies/centrosomes include mutations in IFT88, OFD1, and BBS.  The Oak 

Ridge polycystic kidney disease (orpk) mouse represents a hypomorphic model of 
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Ift88, which encodes polaris, and results in polycystic kidney phenotype involving both 

glomeruli and tubules, laterality defects, and biliary hyperplasia and dysplasia inherited 

in an autosomal recessive pattern(71).  Polaris functions specifically for intraflagellar 

transport within the primary cilia.  Ofd1 (oral-facial-digital syndrome 1) targeted 

knockout mouse also manifests renal cysts (tubular and glomerular) and laterality 

defect apart from neural tube defect(72).  Ofd1 is a component within the centriole and 

important for the biogenesis of cilia and specification of left-right axis(72).  Bardet-Biedl 

syndrome (BBS) is characterized by obesity, mental retardation, retinal degeneration, 

and kidney cysts.  Bbs1, Bbs4, and Bbs6 KO mice display neural tube defects and 

cochlear stereociliary bundle disruption suggestive of abnormal PCP signaling(73).  

Furthermore, their phenotypes are enhanced by Vangl2 mutation, a core PCP gene.  

The protein products of BBS are involved in dynein-driven microtubular transport(74).  

BBS8, whose protein also localize to the cilia, have been shown to cause 

randomization of left-right body axis symmetry(75). 

 

 Analysis of genes involved in cystic kidney diseases in model systems has given 

crucial insights into the possible molecular mechanisms of cystogenesis.  In addition to 

those transgenic mouse models mentioned above, at least 3 other existing mouse 

mutants exhibit glomerular cysts in addition to cysts throughout the nephron: jcpk, bpk 

and nm1633(47, 76, 77).  Recently, disruption of the murine homolog for the 

Drosophila gene bicaudal in chromosome 10 was discovered to underlie the defect in 

both the jcpk and allelic bpk mice. 

 

 Having reviewed the genetics of cystic kidney diseases and GCKD, the next 

section focuses on the molecular mechanisms that have been implicated in these 

disorders. 
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2.1.3 Pathways associated with cystic kidney diseases 

 

2.1.3a Cilium/basal body complex (CBC) 

 

 A rich literature exists linking ciliary defects to cystic kidney diseases.  As 

alluded in previous section, many of the cystic proteins are localized to the primary 

cilium/basal body complex(78-84).  These include the proteins identified in monogenic 

polycystic kidney diseases (polycystin-1, polycystin-2 and fibrocystin) as well as those 

in complex pleiotropic disorders including BBS and NPHP.  In fact BBS and OFD1 are 

known clinical examples of ciliopathy.  Since cilia function is also involved in 

photoreception, defects in photoreceptors are observed in orpk mice, BBS(85) and 

NPHP(69).  The serendipitous discoveries of cystic kidney phenotypes in animals with 

Ift88(86) and kif3a(87, 88) mutations, both of which are crucial for intraflagellar 

transport and cilia assembly, led to an emergence of evidence that ciliary dysfunction 

underlies the pathogenesis of multiple forms of renal cystic diseases.  To date, a 

handful of mouse models of GCKD associated with defects in cilia exist and these 

include pcy (Nphp3)(51), Wwtr1(89), Glis3(90), jcpk (Bicc1)(76) and Pkd 

overexpression(91).   

 

The primary cilium is a non-motile hair-like organelle that is found virtually in 

almost all mammalian cells.  It consists of 9+0 microtubule doublets(92), and unlike 

most motile cilium, it lacks the central pair(93). The cilium originates from one of the 

two centrioles that form the centrosome (mother and daughter centrioles), which is a 

microtubule-organizing center in most cells(93).  In renal tubular epithelial cells, the 

mother centriole migrates to the apical membrane of polarized cells(94), transforms 

into the basal body, and nucleates the microtubular skeleton of the cilium.  The external 

part of the cilium is made up of the axonome that is covered by ciliary membrane which 

is distinct from the cell membrane(93).  The basal body and the transition fibers at the 

base regulate protein content of the cilia membrane(93).  Proteins are transported in 

and out of the axonome by anterograde and retrograde intraflagellar transport, a 

microtubule motor-based transport system(95).  The anterograde movement from the 
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base to the tip of the cilium is mediated by kinesin-II, which is a heterotrimeric protein 

composed of two motor subunits, KIF3A and KIF3B, and one non-motor subunit 

(KAP3)(95).  Retrograde transports protein from the tip to the base and is mediated by 

dynein 1b(96).   

 

Solitary cilium is expressed in most mammalian cells.  In the kidneys, primary 

cilium is found in the tubular epithelium, it is also expressed in the parietal epithelial 

cells of the Bowman’s space (our data).  In fact, only certain intercalated cells in the 

kidneys lack these interesting structures(26, 97, 98).  The traditional role of these non-

motile cilia is thought to be sensors of the extracellular environment in the capacity of 

mechanosensation, chemosensation, and receptor-mediated signal transduction(99).  

Urinary flow has been suggested to promote nephron development, tubular elongation, 

and differentiation(100).  Renal tubular diameter is tightly regulated(101) and the 

primary cilium governs the tubular diameter by its mechanosensor function(26, 102).  In 

tubular epithelial cells, these cilia protrude into the apical lumen and respond to flow 

mediated mechanical deflection(102) by stimulating an increase in cytosolic 

calcium(103).  Polycystin-2, a cation channel, is involved in this calcium flux.  

Interestingly, in the absence of the polycystin-1 and -2, and fibrocystin, mechanical 

stimulation of cilia failed to induce calcium signaling(102).  Intriguingly, the effect of 

ciliary defect on cyst development is time dependent.  In mice, cilia dysfunction induced 

prior to postnatal day 12 results in severe and rapidly progressive cystic 

phenotype(104, 105).  In contrast, induction after day 14 leads to mild and delayed 

phenotype(104, 105) suggesting a critical window within which cystogenesis initiates.  

In addition to growth and proliferation during tubulogenesis, ciliary responses also 

modulate cell polarity and mitotic spindle orientation during cell division(106, 107).  

Because cilium also establishes left-right asymmetry through the embryonic node, 

some animal models of cystic kidney diseases also manifest randomization of left-right 

axis(108).  

 

Ciliary signaling has intimate interactions with other critical pathways involved in 

cystic kidney diseases including planar cell polarity (PCP), canonical Wnt, and sonic 



 114 

hedgehog (SHH).  All of these pathways have also been implicated in cystic kidney 

diseases, and will be discussed in the following paragraphs. 

 

 

2.1.3b Planar cell polarity (PCP) 

 

Wnt signaling is an evolutionary conserved pathway critical for development and 

proliferation particularly in embryogenesis and tumor growth.  Non-canonical Wnt 

consists of planar cell polarity (PCP) and the Wnt calcium pathways.  In 

organogenesis, PCP is crucial to organize tissue in the plane of organ extension and it 

tightly governs the orientation of cell division(109, 110).  In vertebrates, PCP effects 

convergent extension which has been implicated in polycystic kidney disease, mitotic 

spindle orientation, formation of cilia, and inner ear development(111).  The PCP 

literature emerges initially from studies in Drosophila eye and wing patterning.  This 

pathway involves 3 classes of proteins: upstream Fat/Dachsous (Ds) proteins, core 

PCP proteins, and downstream PCP effectors (see review in (112, 113)).  In Drosophila 

wing, Fz, Dsh, and Dgo are found in the distal aspect of the cell; Pk, Vangl in the 

proximal area; and Fmi in both.  PCP effectors include Inturned (In), Fuzzy (Fy), and 

RhoA, which coordinately regulate cell morphogenesis; c-Jun N-terminal kinase 

(JNK)(114, 115) mediates gene expressions in controlling wing hair and mitotic spindle 

orientation.  More specifically, inhibition of the Fz-Dsh complex by Vangl and Pk 

preserves the asymmetrical distribution of Fz-Dsh-Dgo complex which in turn activates 

2 separate pathways: the Caam1/Rho/ROK pathway mediates cytoskeletal changes; 

whereas the Cdc42/Rac/c-Jun N-terminal kinase pathway induces transcription and 

effects wing hair orientation and mitotic spindle orientation(116).  In vertebrates, 

additional genes previously not found to have PCP effect in Drosophila, demonstrate 

PCP defects when mutated such as neural tube(117) and inner ear kinocilia polarity 

defects(118) in Scribble mutants. 

 

With respect to cilia, it is unclear if PCP plays a role in establishing cellular 

apical-basal polarity, a process necessary for the proper docking of the mother 
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centriole before forming the basal body.  In this process, cadherin-mediated cell-cell 

contact is crucial in reorganizing the actin cytoskeleton.  Microtubules are organized in 

either longitudinal arrays along the apical-basal axis having their plus ends toward the 

apical membrane or network parallels to the apical membrane(119).  The adheren 

junctions facilitate recruitment of the PAR complex, which in turn establishes the apical 

and basolateral membrane domains(120), a critical process to direct mother centriole 

migration.  The complex consists of Par6, a Ras-related Rho-GTPases that control 

microtubule interaction with the cortex and coordinate the growth of cortical 

microtubules(121, 122); Par3, a PDZ containing scaffold protein that interacts with the 

anterograde intraflagellar transport motor protein KIF3A(123); and atypical protein 

kinase C (aPKC).  The PAR complex recruits the Crumbs (Crb) complex to the tight 

junction in the apical membrane where it forms a complex with the scaffold protein 

Pals1 and Par6(124).  The basolateral membrane contains a complex of Scribble, Disc 

Large (Dlg), and Lethal Giant Larvae (Lgl).  The two complexes are mutually exclusive 

to maintain the apical/basolateral polarity(125, 126).  PAR complex has been 

postulated to be involved in establishing an apical membrane for the mother centriole 

to find its correct location to form the basal body.  Mutations in VHL lead to defective 

ciliogenesis and kidney cysts through interaction with Par6(127).  The PCP protein Dsh 

in conjunction with tumor suppressor product of Lgl are required to regulate the PAR 

complex for specification of the apical-basal polarity in Xenopus ectoderm(128).  

Interestingly, loss of Dsh leads to absence of cilia formation in bronchial 

epithelium(129).  In addition to the docking of the mother centrioles, other lines of 

evidence substantiating the link between PCP and cilia include the observations that 

loss of PCP effectors In and Fy disrupts cytoskeleton and cilia assembly(130); Dgo 

affects the normal tilting of the cilia on the ventral node of mouse embryo(131); Vangl2 

and Fat4 are expressed at the base of the cilia(112, 132).  Finally, human ciliopathies 

including BBS and OFD also exhibit PCP phenotypes such as neural tube defects and 

loss of polarized inner ear hair cells(133, 134). 

 

The discovery of kidney cysts in NPHP2 due to mutations in inversin was the 

first suggestion linking PCP to cystic kidney diseases.  Further, many cystic diseases 
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including NPHP also manifest PCP phenotype.  Inversin acts as a switch between 

canonical Wnt and PCP signaling by negatively regulating canonical Wnt(135).  During 

kidney development, the tubular epithelial cells proliferate and contribute to the 

elongation process.  The dividing cells align along the anterior-posterior axis of the 

growing nephron(106).  In order to achieve oriented extension, mitotic spindle axis is 

tightly controlled within 34° in the majority of dividing tubular cells(106).  Loss of PCP 

genes has been shown to result in disruption in mitotic axis in other species as well 

including the fish and the flies(110, 136).  A random axis of cell division is commonly 

seen in mammalian models of polycystic kidneys(106, 137).  For example, loss of the 

PCP gene Fat4 in mice leads to randomization of spindle orientation and cystic kidneys 

together with classic PCP phenotypes including neural tube defects and disoriented 

inner ear hair cells(132).  The exact mechanism by which PCP regulates mitotic axis 

remains unclear.  Disruption of normal apical-basolateral polarity in the cysts is another 

common PCP phenotype in both human polycystic kidney disease(138, 139) and 

animal models of cystic kidney diseases including cpk(140), orpk(34), bpk(141, 142), 

Pkd1(38), Kif3a(88). 

 

 

2.1.3c Canonical Wnt/β-Catenin 

 

The Wnt pathway is composed of a large family of glycoproteins that work in 

concert to regulate a multitude of critical cellular processes from organ patterning to 

cell cycle regulation, cell fate determination, cell proliferation, transformation and 

apoptosis (refer to reviews (116, 143, 144)).  Upon canonical Wnt activation, Frizzled 

(Fz) (G-protein coupled receptor) together with low-density lipoprotein receptor-related 

protein (LRP) co-receptors(145, 146) are recruited. The interaction between Fz and 

LRP results in phosphorylation of LRP by glycogen synthase kinase-3β (GSK3β) and 

casein kinase 1 (CK1)(147).  This process leads to recruitment of Axin to LRP and 

Dishevelled (Dsh) to Fz.  Phosphorylation of Dsh inhibits β-catenin degradation 

complex(116, 143).  The complex comprises 3 critical proteins including adenomatous 

polyposis coli (APC), Axin, and GSK3β.  Coordinately, GSK3β phosphorylates β-
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catenin, which in turn leads to proteasomal degradation by the ubiquitin-ligase 

transductin repeat-containing protein (β-TrCP)(148).  When β-catenin degradation is 

inhibited, cytosolic β-catenin accumulates and translocates into the nucleus to activate 

Lymphoid-enhancer factor/T-cell factor (LEF/TCF)-sensitive transcription of genes(149, 

150).  Although, activation of the canonical Wnt has been attributed mainly to post-

translational modification of β-catenin, there is emerging evidence that tight regulation 

also exists at the mRNA level.  β-catenin mRNA translation is regulated as in the case 

of astrocyte migration during development and following neuronal trauma by CPE-

binding protein (CPEB1)(151).  Increased in β-catenin mRNA levels have been 

reported in many cancer literature including intestinal cancers and desmoid 

tumors(152-154).  Genetic mutations in both β-catenin and APC have been reported.  It 

is unclear whether these observations represent an increase in transcription or 

decreased degradation of the transcripts.  Recently, the promotion of β-catenin 

transcript degradation, by the mRNA decay-promoting factor KSRP, an AU-rich 

element (ARE)-binding protein, which recruits the exoribonucleolytic complex exosome 

(an RNA decay machinery) at the 3’ UTR of the transcript, has been shown to be 

modulated by AKT.  AKT phosphorylates KSRP at a unique serine residue (Ser193) 

and promotes its binding to multifunctional protein 14-3-3 and prolongs half-lives of β-

catenin transcripts(155).   

 

In the kidneys, Wnt signaling is crucial for renal morphogenesis.  Wnt-1 is 

important for the induction of the developing metanephric mesenchyme to differentiate 

and form the glomerular and tubular epithelium(156).  Further, Wnt-4 expression in the 

mesenchymal cells is obligatory for tubulogenesis as KO mice do not form pretubular 

cell aggregates(157) and Wnt-11 is localized to the tip of the ureteric bud through 

contact with the metenephric mesenchyme(158).  Interestingly, the C-terminus of PC1 

increases cytosolic β-catenin level in HEK 293T cells by inhibiting the degradation 

complex, specifically GSK3β activity(159).  Further, injection of expression vector for 

the C-terminus of PC1 into zebrafish embryos at 1-2 cell stage results in dorsalizing 

effect and defects in posterior trunk and tail development, phenotypes of β-catenin 

overexpression(159).  Animal models of both over and under expression of canonical 
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Wnt lead to renal cysts formation highlighting that normal tubular development is 

exquisitely sensitive to dosage and perhaps temporal activation of this complicated 

pathway.  β-catenin(160) overexpression and APC inactivation(161) lead to canonical 

Wnt activation and cystic kidney phenotype; canonical Wnt loss-of-function mutants 

also develop cysts(162).  This mirrors the observations that KO, hypomorphic and 

overexpression models of Pkd1 and 2 result in cysts development(40, 163, 164).  

Further, a reduction in canonical Wnt, cystic kidneys, and ciliopathy were observed in a 

mouse KO for Ahi1, a gene responsible for Joubert syndrome(165). 

 

 

2.1.3d Mammalian target of rapamycin (mTor) 

 

 The evidence linking excessive mTOR activity to cystogenesis in PKD is quite 

extensive(166).  MTOR is a serine/threonine kinase that provides the catalytic activity 

for two distinct multiprotein complexes known as mTOR complex 1  (mTORC1) and 2 

(mTORC2).  Activation of mTORC1 promotes cell growth and cell proliferation.  Its 

activity is tightly regulated by the availability of amino acids, growth factors, and energy 

stores.  The effects of mTORC2 are different from those of mTORC1 and include 

modulation of cell survival, cell polarity, cytoskeletal organization, and activity of 

aldosterone-sensitive sodium channel(167).  Loss of function of TSC complex 1 and 2, 

an upstream negative regulator of mTOR, has been associated with kidney cysts 

development in both human and rodent models(168, 169).  In humans, renal cysts 

have been reported in patients with tuberous sclerosis, a rare hereditary pleomorphic 

disorder characterized by the development of benign hamartomas in multiple organs 

due to inactivation of either TSC1 or TSC2 gene(170).  Furthermore, patients with large 

deletions on chromosome 16 encompassing both PKD1 and the adjacent TSC2 

develop an unusually severe form of PKD reaching ESRD during second decade of life, 

suggesting synergy between these intersecting pathways(171, 172). In vitro studies 

seem to suggest the interaction between cytoplasmic tail of polycystin-1 with 

tuberin(173).  This interaction increases the activity of TSC2, which in turn results in 

inhibition of mTOR(174).  PC1 prevents ERK1/2-mediated phosphorylation and 
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inhibition of TSC2(175, 176); and protects TSC2 from inhibition by AKT(174).  MTOR 

has been shown to be activated in PKD.  Activation in mTORC1 as evidenced by 

increased phosphorylation of its downstream S6 kinase 1 and 2 (S6K1/2) as well as 

4E-BPs have been demonstrated in human with ADPKD(173, 174, 177), mouse model 

of Pkd1(173, 178), and Han:SPRD rat model(179-181).  In jck mouse model of Nphp9, 

loss of ganglioside Gm3 synthase reduces cyst progression with associated decreased 

Akt-mTOR signaling(182).  Administration of rapamycin mediates reduction in cysts 

growth and preservation of renal function in mice with inactivating mutations of 

Pkd1(173, 178) and Pkd2(183), Nphp3 (pcy)(184, 185) as well as Han:SPRD rat 

model(179, 181) but not in PCK rats(186).  In addition, analysis of transplanted ADPKD 

patients who received mTOR inhibitors showed a reduction in size of the native kidney 

and liver compared to other immunosuppressive regimens(173, 187).  The effect of 

mTOR inhibition and cysts regression in prospective study is less clear with mixed 

results(188-190).   

 

Interestingly the protein products of both TSC1(191) and TSC2(168) localize to 

the basal body of primary cilia.  Flow induced bending of the primary cilia inhibits 

mTORC1 activity and reduces cell size through activation of the kinase LKB1, which in 

turn activates AMPK, an upstream positive regulator of TSC(192).  In addition, mutation 

of INPP5E , causes MORM syndrome, a condition related to Bardet-Biedl syndrome 

characterized by mental retardation, obesity, congenital retinal dystrophy and 

micropenis in males(193, 194).  INPP5E hydrolyzes ins(1,4,5)P3, which mobilizes 

intracellular calcium and acts as a second messenger for downstream cellular 

responses.  The action of INPP5E has been linked to suppression of the PDGF-AA-

PDGFRα-PI3K signaling and premature cell cycle entry and TOR signaling(194).  

Mutant mice developed cystic kidneys (along the entire nephrons), glomerulocystic 

changes, skeletal defects including bifid sternum, and occasional anencephaly and 

exencephaly(193).  The action of Inpp5e has been linked to suppression of the PDGF-

AA-PDGFRα-PI3K signaling and premature cell cycle entry and TOR signaling(194). 
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2.1.3e Sonic hedgehog signaling (Shh) 

 

 Studies of defective ciliogenesis revealed that cilia are critical for vertebrate Shh 

signaling, a pathway that is crucial for embryonic patterning, organogenesis, and 

tumour formation(195).  The Shh pathway consists of diffusible morphogens, receptors, 

co-receptors and transduction factors(196).  Vertebrates have three hedgehog 

orthologs (namely Sonic, Indian and Desert), two Patched receptors, and three 

intracellular effector Gli family of proteins including Gli1, Gli2, and Gli3(197).  Gli 

transcription factors are vertebrate homologues of Drosophila zinc-finger-containing 

Cubitus interruptus (Ci).  The proteins Gli1 and Gli2 act as activator; Gli3 is an activator 

of transcription, however, can become a repressor by the process that requires primary 

cilia(198).  Loss of function of GLIS2 results in cystic kidney disease and causes 

nephronophthisis type 7 in humans and mice(199, 200).  GLIS2 is a negative regulator 

of Shh signaling and is critical to maintain tubular cells in a differentiated state by 

suppressing Snai1 (transcription factor acts as an inducer of epithelial-to-mesenchymal 

transition) and Wnt4(201).    Joubert syndrome is a rare inherited developmental 

disorder characterized by CNS malformation, retinal degeneration, renal cysts and liver 

fibrosis(202).  In fact, more than 10 genes have been implicated in Joubert including 

aforementioned NPHP1 and OFD1, and all of which are involved in primary cilia/basal 

body/centrosome(203).  Cystic kidneys are not uncommonly observed, Arl13b, another 

Joubert gene, has been shown to be associated with defective Shh, ciliopathy, and 

cystic kidneys(204).  OFD1 is an x-linked dominant condition characterized by 

malformation of the oral cavity, face, digits and cystic kidney disease(205).  Its protein 

is located in the centrosome and its inactivation is associated with defective Shh and 

canonical Wnt signaling pathways(205).  KIF7, the latest addition to the list of genes 

causative of Joubert, is a cilia motor protein and known regulator of Shh signaling when 

disrupted leads to a decrease in cilia and fragmentation of golgi network secondary to a 

lack of microtubule dynamics(202).  Interestingly, KIF7 specifically co-precipitates with 

nephrocystin-1 (NPHP1).  Finally, deletion of In or Fy causes defects in ciliogenesis in 

Xenopus embryos in combination with PCP and Shh signaling abnormalities linking 

both pathways to ciliogenesis(130). 
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2.1.3f Summary 

 

In summary, the molecular mechanisms of renal cystic disease are extremely 

complex and seem to involve multiple pathways and cross-talks among these 

pathways.  It is interesting that many “cystic proteins” localize to the primary cilium and 

whether it represents a common unifying pathway for cystogenesis is yet to be proven. 

 

 

2.1.4 Rationale 

 

With the understanding of the pathomechanisms of cysts growth in autosomal 

dominant and recessive polycystic kidney diseases, specific therapies are being 

designed and tested in clinical trials.  Numerous genes have since been identified to 

cause cystic kidneys.  The knowledge from studying the perspective gene(s) functions 

is critical for our understanding of the complex mechanisms involved in cysts formation, 

better termed as cystogenesis.  Despite advancements made in the discoveries of 

genes involved in cystic kidney diseases, to date, many patients whose underlying 

mutations are still not known and treatment options remain restricted.  In order to 

further identify new therapeutic targets, we aim to discover and characterize new genes 

and the molecular pathways that underlie renal cystic diseases.   
 

 

3 Overview of experimental approach 

 

Over the past three decades, great strides have been made to further our 

understanding of polycystic kidney diseases.  Human genetic studies, positional 

cloning, and gene targeting in animals have provided tremendous insights into the 

function of a number of genes which are important for renal cyst formation.  However, 

gene targeting is a labor-intensive approach, which requires the design of a separate 

targeting vector for each gene in question.  Furthermore, mutations introduced often 

cause major gene disruptions such as total knockout and are not commonly seen in 
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human diseases.  For these reasons, we utilized forward genetics and a 

complementary phenotype-driven approach to discover new genes involved in cystic 

kidneys.  

 

In collaboration with the Centre for Modeling Human Disease (CMHD) in 

Toronto, we performed an autosomal dominant N-ethyl-N-nitrosourea (ENU) screen to 

identify mutations in genes responsible for renal phenotypes.  ENU is a well validated 

chemical mutagen that induces point mutations in the genomic DNA at a frequency of 1 

X 10-3 per locus, which represents over a 100-fold greater than the estimated 

spontaneous mutation rate(206).  Numerous ENU consortiums have been established 

internationally to generate novel mouse models for a variety of human diseases (refer 

to recent review by Soewarto(207)).  ENU mutagenesis was performed on males of 

C57BL/6 background, which were then bred to wild-type females from inbred mouse 

strain C3H/HeJ.  Over 150 G1 mice were screened.  With this approach, we 

successfully identified an autosomal dominant heritable renal mutant that exhibits 

cystic kidney disease and glucosuria.   This mutation maps to a region of the mouse 

genome that is syntenic to a region in the human genome that has not previously been 

identified in patients with this disease or other cystic renal diseases.  

 

 

4 Hypothesis 
 

Based on these exciting results, we hypothesize that:   

 
The molecular and phenotypic characterization of the ENU mutant will provide us with 

a novel gene and/or pathway that underlie human renal cystic disease.  
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5 Methods 
 

5.1 Generation of cystic kidney mutant 

Inbred mouse strains C57BL/6J (B6) and C3H/HeJ (C3H) were obtained from 

the Jackson laboratory (Bar Harbor, ME).  Mutant was generated on a genetic 

background of mutagenized B6 male and wild-type C3H females, as part of an ENU 

project in the Center for Modeling Human Disease (CMHD) for genome-wide 

mutagenesis, Toronto, Canada.  ENU mutagenesis was performed as described 

previously(208).  Mutant with glucosuria was identified on a dominant screen at week 

6.  A mutant breeding line was established by backcrossing this founder to wild-type 

C3H.  Subsequent backcrosses that involved breeding between the newly identified 

mutant and the wild-type C3H/HeJ mice were set up for mapping and further 

phenotypic characterization.  The use of the mice in this study was approved by the 

Mount Sinai Hospital Animal Care Committee and Toronto Center of Phenogenomics 

(TCP) Animal Care Committee, in accordance to the Ontario’s Animals for Research 

Act, and the federal Canadian Council on Animal Care.  All mice used in this study 

were maintained on standard rodent chow. 

 

5.2 Mutation mapping 

A rough map was generated with 98 microsatellite markers using 11 affected (4 

F1, 3 F2, and 4 F3) and 11 unaffected animals (2 F1, 6 F2, and 3 F3).  Mapping was 

repeated using Illumina® genome-wide single nucleotide polymorphism (SNP)-based 

chip analysis, consisting of 1449 SNP markers, therefore better resolution than 
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previous microsatellite analysis.  The SNP analysis was performed at the Center for 

Applied Genomics (TCAG), the Hospital for Sick Children, Toronto, Canada.  A total of 

21 mutant mice (5 G2, 3 G3, 5 G4, 6 G5, 1 G6, and 1 G7) with cystic kidneys and 3 

wild-type animals (2 G7, and 1 G9) were analyzed.  Further fine mapping was provided 

fee-for-service at the TCAG. 

 

5.3 Whole-exome next-generation re-sequencing 

 DNA from a homozygous mutant was isolated and purified.  Genomic library 

preparation was performed in accordance with Agilent’s SureSelect Target Enrichment 

System protocol (adapted from the SOLiD Fragment Library Construction Kit (Life 

Technologies) and compatible with SOLiD multiplexed paired end sequencing (Agilent 

Technologies; Version 1.3, January 2011).  All Steps were performed in 0.5 or 1.5 ml 

DNA LoBind tubes (Eppendorf: P/N 022431005 and 022431021).  Three microgram of 

genomic DNA with an OD260/280 ratio between 1.8 and 2.0 was diluted in 120 ul of 

nuclease free water, loaded in a Covaris microtube and fragmented to 200 bp using the 

Covaris-S2 instrument and at the following conditions: bath temperature = 4°C; bath 

temperature limit = 8°C; mode frequency = sweeping; duty cycle 10%, intensity 5, 

cycles per burst 100; time = 60 seconds.  Fragmented DNA is end-repaired using end 

polishing reagents and PureLink PCR Purification columns provided in the SOLiD 

Fragment Library Construction Kit and SizeSelect Gels (Life Technologies, P/N 

4443471).  Truncated versions of the SOLiD P1 and IA Adapters provided in the 

Agilent Mouse All Exon Kit are ligated to the purified fragments at RT for 15 minutes 

following Agilent’s SureSelect protocol.  After ligation, fragments are purified with 

PureLink columns, and size-selected when the 200-bp band from the TrackIt 50-bp 

DNA ladder (Life Technologies; P/N 10488043) are in the center of the collection well 

of an E-gel SizeSelect 2%.  Size-selected fragments are purified using PureLink, and 

amplified in 400 ul distributed in four 0.2 ml tubes on a GeneAmp PCR System 9700 

(Applied Biosystems) using Platinum PCR Amplification Mix (provided in the SOLiD 



 125 

Fragment Library Construction Kit) and SureSelect Pre-Capture Primers (provided in 

the Agilent Human All Exon 50 Mb Kit). The amplification is performed as follows: nick 

translation at 72°C for 20 minutes; denaturation at 95°C for 5 minutes, 12 cycles of 

denaturation at 95°C for 1 minute (increased from 15 seconds in the original protocol), 

annealing at 54°C for 45 seconds, extension at 70°C for 1 minute, and final extension 

at 70°C for 5 minutes, and hold infinitely at 4°C. After amplification, PCR products (pre-

capture library) are purified using PureLink. The pre-capture library is quantified with 

the Agilent 2100 Bioanalyzer DNA 1000 or DNA High Sensitivity assay.  A successful 

pre-capture library shows a peak size at around 250-270 bp. 

 

5.3.1 Exome capture 

An aliquot of 500 ng of the pre-capture library is completely lyophilized on low 

heat in a Centrifugal Concentrator CC-105 (Tomy Tech) and re-suspended to a final 

concentration of 147 ng/ul and used in the capture experiment. The exome is captured 

using the reagents provided in the Agilent Human All Exon 50 Mb Kit. Hybridization 

buffers and blockers are processed according to the Agilent SureSelect protocol. 

Hybridization is performed at 65°C for 24 hours in a GeneAmp PCR System 9700 

(Applied Biosystems) using a MicroAmp Optical 96-well reaction plate (Life 

Technologies P/N 4306737) double-sealed with MicroAmp Optical Adhesive Film (Life 

Technologies P/N 4311971). A CM-FLAT silicone compression mat (Axygen; P/N 521-

01-601) is placed on top of the sealed plate to avoid evaporation. Wells in the two 

outermost columns or rows of the 96-well plate are avoided. Dynal MyOne Streptavidin 

T1 beads (Life Technologies; P/N 65602) are prepared following the instructions in the 

Agilent SureSelect protocol, and re-suspended in a final volume of 200 ml of the 

SureSelect Binding Buffer. The hybridization mixture is transferred to the Dynal MyOne 

beads, incubated and washed, and the captured library is purified using AMPure XP 

beads (Agencourt, P/N A63881) following the Agilent SureSelect protocol. The 

captured library is amplified once more in a GeneAmp PCR System 9700 (Applied 

Biosystems) to add the barcodes for multiplex sequencing. The post-capture 

amplification is performed with Herculase II Fusion DNA Polymerase (Agilent; P/N 
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600679) using the following conditions: denaturation at 95°C for 5 minutes, 9 cycles of 

denaturation at 95°C for 1 minute (increased from 15 seconds in the original protocol), 

annealing at 54°C for 45 seconds, extension at 70°C for 1 minute, and final extension 

at 70°C for 5 minutes, and hold infinitely at 4°C. The amplified captured library is 

purified with AMPure XP beads (Agencourt) following the Agilent SureSelect protocol, 

and checked on an Agilent 2100 Bioanalyzer DNA High Sensitivity assay for 

quantification and fragment size determination. 

 

5.3.2 High throughput sequencing on a SOLiD 4 System 

Prior to emulsion PCR (ePCR) an equimolar pool of six samples is prepared and 

diluted to a final concentration of 0.5 pM to be used in the ePCR.  Emulsification, 

amplification and bead enrichment are performed on the EZ Bead system following the 

manufacturer’s instruction (Life technologies; P/N 4448417). Oil and aqueous phase 

are prepared separately using the EZ Bead Emulsifier E80 Reagents and Accessories 

Kits (P/N 4452722, 4453070 and 4457185), and mixed together in the EZ Bead 

Emulsifier (P/N 4448419). The emulsion are carefully transferred to a bag (P/N 

4453072) to avoid breaking the emulsified droplets, and immediately placed in the EZ 

Bead Amplifier (P/N 4448418) following the conditions appropriate for the scale of the 

reactions (ePCR conditions are proprietary and not publicly released by Life 

Technologies). The ePCR is transferred to a bottle and enriched for positive beads 

(i.e., beads containing amplified captured library) using the reagents provided in the EZ 

Bead Enricher E80 Reagent and Accessories Kits (P/N 4452725 and 4453073), and 

following the specifications in the manual for the EZ Bead Enricher (P/N 4448420). 

Enriched beads have their 3’- end modified to add a dUTP by a terminal transferase 

reaction following the EZ Bead Enrichment manual. This 3’- end modification will 

covalently link the beads to the glass surface of the sequencing slide. Approximately 

778 million beads are loaded onto the slide, and paired-end sequencing is performed 

with the SOLiD ToP Paired End Sequencing Kit – BC Fragment Library MM50/35/5 

(P/N 4459181) following Applied Biosystems SOLiD 4 System Instrument Operation 

Guide (Applied BioSystems; P/N 4448379 Rev. B, April 2010). 
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5.3.3 Primary data analysis and read mapping 

The image data collected by SOLiD 4 is analyzed using Applied Biosystems 

corona pipeline to produce sequence data in colour space (in which each colour 

represents two consecutive DNA bases on the DNA sequence) and quality metrics 

using a normalization procedure. The paired end reads generated by ABI SOLiD 4 

platform are then mapped to the reference mouse genome and BFAST implemented 

BWA version 0.6.5a. The 35-bp ends are aligned using BFAST's implementation of 

BWA and the 50-bp reads are aligned using BFAST. The suggested default 

parameters for mapping to the human genome are used in most cases except for the 

post-processing step where the known insert library size is provided to reduce the 

computational time required for paired end rescuing. MarkDuplicates (Picard tools 

version 1.35; http://picard.sourceforge.net) is used to remove any duplicate paired end 

reads (that is, reads for which the start and end positions of any given paired read in 

hg19 are the same as those of other pairs). Next, the duplicated-free alignments are 

refined using local realignment in colourspace implemented in SRMA version 0.1.15. 

To remove reference bias introduced by the aligners due to colourspace conversions, 

GATK version 1.05506 base quality score recalibration is used with the default 

parameters optimized for SOLiD dataset except that all no-call reads are removed from 

the analysis and if a reference base was inserted the base quality will be set to zero 

and the inserted reference nucleotide was set to “N”. 

 

5.3.4 Variant calling: Indels  

GATK version 1.0.5506 Unified Genotyper with the parameter DINDEL is used 

for the initial indel calling. The following restrictions are put into place in ensure the 

quality of the indels called: 

Greater than or equal to 3 consensus indels is required for genotyping.  

• The maximum number of mismatches must be less than or equal to 5 within a 40-bp 

window around the suspected variant for the read to be used for calling.  

• The minimum base quality score must be greater than or equal to 20 for that base to 
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be used to call variants.  

• The minimum mapping quality score must be greater than or equal to 20 for the read 

to be used to call variants  

• The hard-to-validate indels are defined as MQ0 >= 4 && ((MQ0 / (1.0 * DP)) > 0.1), 

where MQ0 stands for total mapping quality zero reads, and DP represents total depth. 

Any variants that do not meet this requirement are filtered.  

• The quality score of the variant should be greater than or equal to 30.  

• The quality by depth of the variant should be greater than or equal to 1.  

The indels called are used as a filter in GATK UnifiedGenotyper's SNP calling. 

 

5.3.5 Variant calling: SNP  

The default parameters used for SNP calling are set with the following 

thresholds:  

• The maximum number of mismatches must be less than or equal to 5 within a 40-bp 

window around the suspected variant for the read to be used for calling.  

• The maximum deleted fraction of a read to be used for variant calling should be less 

than or equal to 0.05.  

• The minimum base quality score must be greater than or equal to 20 for that base to 

be used to call variants.  

• The minimum mapping quality score must be greater than or equal to 20 for the read 

to be used to call variants.  

• Any SNPs that are called in the same location as an indel are filtered.  

• If more than 3 SNPs are called within a 10bps window, those SNPs are filtered.  

• The hard-to-validate SNPs are defined as MQ0 >= 4 && ((MQ0 / (1.0 * DP)) > 0.1), 

where MQ0 stands for total mapping quality zero reads, and DP represents total depth. 

Any variants that do not meet this requirement are filtered.  

• The quality score of the variant should be greater than or equal to 10.  

After GATK's variant recalibration using default parameters with the level of false 

discovery rate filter specified at 1.0, external data to refine the genotypes called. 
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5.3.6 Annotation 

SIFT 4.0.3 is used to annotate the variant calls and predict whether the variant is 

damaging to the protein. GATK's readbackedphasing module is used to determine 

phrasing information for SNPs. Then custom PERL scripts and BEDTools version 

2.10.1 are used to annotate information.  If array data is available for the same exome 

sample, concordance to the array genotypes is added using custom scripts. 

 

5.4 Sanger sequencing 

Direct genomic sequencing using tail DNA was carried out to cover all the exons 

and splice regions.  Genomic DNA was isolated from mouse tails as described 

previously(209).  The point mutation identified in Samd9l was amplified with Platinum® 

DNA polymerase (Invitrogen) and the following PCR primers, which were designed 

based on sequence information from the Mulan ECR browser: (Sense 5’–

ACCTTCACCTGCCCAGTCACT-3’, antisense 5’-CTCCTGTGGCTCCTCCTCTG-3’).  

The above primers produced a 520 bp PCR product, which was then confirmed with 

agarose gel electrophoresis.  The correct band was excised and purified with 

GeneClean® kit (MP Biomedicals).  The product was then sent to TCAG sequencing 

facility using traditional Sanger chain termination method.  The following nested 

primers were used to identify our mutation (a total of 6 homozygous mutants and 3 

wild-type were used for sequencing):  (Sense 5’-AGGGAAGGTTTTGGTGGTGTTCCT -

3’, antisense (for confirmation):  5’-TGCCCTCCTGTGGCTCCTCC-3’). 

 
 
5.5 Genotyping 
 

Genomic DNA was isolated from mouse tails(209) and PCR was used to identify 

Sweet Pee mutants with the following primers to produce a 470 bp PCR product:  

(Sense 5’- GTGGTGTTCCTCTTACTTTCTCCC -3’, antisense 5’- 

ATTCCACCAGGATACTCTGCCT -3’).   
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Reaction: 

Hotlid 105 , 0:30 

1 94 3:00 

2 94 0:30 

3 59 0:30 

4 72 0:45 

5 Go to 2, 35X 

6 72 10:00 

7 10 forever 

 

The PCR product was then digested with restriction enzyme TaaI Fast Digest 

(Fermentas FD1364) for 5 minutes at 65oC (wild-type: 1 bands at 459; Heterozygous 

mutant: 3 bands at 459 bp, 245 bp, 214 bp; homozygous mutant: 2 bands at 245, 214 

bp). 

TaaI: 

5’ ACNêGT 3’ 

3’ TGéNCA 5’ 

 

 Primers set used for amplifying a 2216 bp CDNA fragment for splice variant 

detection: 

Sense 5’- AGAAATGGGCTTGCCACGGG -3’ 

Antisense 5’- AGCTCCATGTTCCTTGCGTTGT -3’ 

 

5.6 Immunofluorescence and immunohistochemistry assays 

For immunofluorescence assay freshly dissected kidneys and livers were fixed 

in 4% PFA overnight at 4oC, treated with 30% sucrose at 4oC overnight, then 

embedded with OCT for cryopreservation.  The kidneys were then sectioned at 6 µm 
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with a Cryostat.  They were allowed to dry overnight.  Non-specific staining was 

minimized by incubating sections in 10% BSA blocking PBS buffer before the 

application of the primary antibody.  Alternatively, paraffin embedded kidney and liver 

sections were treated with standard deparaffinization protocol involving immersion in 

xylene followed by ethanol from 100% to 70% to 50% before rinsing with PBS and 

followed by microwave double boiling antigen retrieval protocol with 0.01 M citrate 

buffer.  The primary antibody was applied overnight at 4oC.  The sections were then 

rinsed with PBS before incubating with a secondary antibody at room temperature for 1 

hour in the dark.  VECTASHIELD® mounting medium with DAPI for nuclear stain was 

added before applying cover slips and sealing with nail polish.  The following primary 

antibodies and dilutions were used:  

Lotus tetragonolobus lectin (FL-1321, Vector Laboratories), Tomato-lectin (TL-1176, 

Vector Laboratories), E-cadherin (Mouse, 610181, BD Transduction Laboratories), 

THP H-135 (Rabbit, sc-20631, Santa Cruz), Peanut Agglutinin PNA (FL-1071, Vector 

Laboratories), Phospho-Histone H3 (Rabbit, Ser 10 #3377, Cell Signaling), Gamma-

Tubulin (Mouse, ab11316, Abcam), Beta-Catenin (Mouse, 610153, Transduction Lab), 

KI67 (Rabbit, RM-9106, Fischer Scientific), Caspase-3 (Rabbit, AB3623, Millipore), 

Sodium Potassium ATPase (Rabbit, ab76020, Abcam), Flag (Mouse, F3165, Sigma-

Aldrich), Alexa 488-Phalloidin (12379, Invitrogen) at 1:100 to 1:400.  Fluorescein 

(FITC)-conjugated AffiniPure donkey anti-goat IgG at 1:100 (Jackson Laboratories Inc).  

Alexa secondary antibodies (488, 536, 647, Invitrogen). 

 

Similarly, standard immunohistochemistry protocol was followed.  Following 

microwave double boiling antigen retrieval step, slides were immersed into a 3% 

hydrogen peroxide diluted in PBS for 30 minutes at RT for endogenous peroxidase 

quenching to minimize non-specific background staining when HRP conjugated 
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antibodies were used.  POD reaction was performed with Vector Peroxidase Substrate 

Kit DAB SK-4100 as per manufacture’s manual.  This step was followed by 

hematoxylin counterstaining and mounting.  Blocking soloution containing 10% goat 

serum, 3% BSA, 0.1% trinton in PBS. 

 

5.7 Real-time PCR 

Total RNA was extracted from the renal cortex using Trizol reagent (Invitrogen) 

and reverse transcribed into cDNA using M-MLV reverse transcriptase (Ferments) and 

random hexamer primers (Fermentas) according to the manufacturer’s protocol.  cDNA 

samples and standards were amplified in qPCR MasterMix Plus for SYBR Green I 

(BioRad).  Samples were analyzed in triplicate.  Relative quantification of target gene 

expression was evaluated using comparative CT method (210).  The Δ CT value was 

determined by subtracting the Hprt CT value of each sample from its respective target 

CT.  Fold changes in gene expression of the target gene were equivalent to 2-
ΔΔ

CT.  The 

following primers were used in the study:   

Samd9l: 

sense 5’- ATGGTCTCAGGGAGACAGGGCA -3’,  

antisense 5’- TGGCGTGCAAGACATCTGTTCTGG -3’ 

P53: 

sense 5’- GGAAGACTCCAGTGGGAACC -3’,  

antisense 5’- GCGGAAATTTTCTTCTTCTGTACG -3’ 
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P21: 

sense 5’- GTCTGAGCGGCCTGAAGAT -3’,  

antisense 5’- TCTGCGCTTGGAGTGATAGA -3’ 

NGAL: 

sense 5’- CTCAGAACTTGATCCCTGCC -3’,  

antisense 5’- TCCTTGAGGCCCAGAGACTT -3’ 

CD14: 

sense 5’- TTTCAATTGTTTGGGGGCGGCA -3’,  

antisense 5’- ACCGTAAGCCGCTTTAAGGACAGA -3’ 

E-Cadherin: 

sense 5’- TTTTCTACAGCATCACCGGCCAAG -3’,  

antisense 5’- AGGATGTACTTGGCAATGGCTTCTC -3’ 

Smad3: 

sense 5’- ACTTACAAGGCGACACATTGGGAG -3’,  

antisense 5’- TTGCAGTTGGGAGACTGGACGAAA -3’ 

TGFβ: 

sense 5’- AAAATGCCATCCCGCCCACTTT -3’,  

antisense 5’- TTGGGGTTTTGCAAGCGGAAGA -3’ 

Vementin: 

sense 5’- TGCTTCTCTGGCACGTCTTG -3’,  
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antisense 5’- GGACATGCTGTTCCTGAATCTG -3’ 

 

5.8 24-hour urine study 

Four mice of the same genotype were used for each 24-hour study.  Four 

Nalgene metabolic cages were used simultaneously as paired experiments (matched 

for age and weights).  Amount of water consumed was obtained based on the 

difference between pre- and post-study water bottle weights.  Similarly, urine output 

was estimated with the same strategy.  The urine was centrifuged at 4oC for 10 

minutes at 10000 rpm.  The urine samples were then flash frozen with liquid nitrogen 

before sending to the hospital biochemistry laboratory (Mount Sinai Hospital, Toronto, 

Canada, and TCP core).  Roche Diagnostics: automated Roche Modular was the 

platform used for analysis. 

 

5.9 MRI imaging 

 MRI imaging was performed at the Mouse Imaging Center at the Toronto Center 

for Phenogenomics using a 7-T a Magnex Scientific magnet powered by a Varian Inc. 

Unity INOVA console. 

 Body composition was performed using Ecko MRI-100 analyzer. 

 

5.10 Histological analysis 

Freshly dissected kidneys were fixed in 10% formalin/PBS, embedded in 

paraffin, sectioned at 4 µm, and stained with hematoxylin and eosin, periodic acid-
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Schiff.  Sections were examined and photographed with a DC200 Leica camera and 

Leica DMLB microscope (Leica Microsystems Inc). 

 

5.11 Statistical analysis 

Data are presented as the mean ± SEM. One-way ANOVA with Bonferroni's 

post-test for parametric data and two-tailed Chi-Square for categorical data, with 

multiple comparisons was performed using Graph Pad Prism version 4.00 for 

Windows, Graph Pad Software (San Diego, CA, USA).  For subgroup analyses 

between 2 groups, a two-tailed Student’s t test assuming heterscedasticity was 

used.  The null hypothesis was rejected when P < 0.05. 
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6 Results 
 

6.1 Identification of the cystic kidney mutant 

 

The cystic kidney mutant was identified through routine urinalysis in the ENU dominant 

G1 screen from breeding between 2 inbred mouse strains; a wild-type C3H/HeJ female 

and a mutagenized C57BL/6J male. Our working definition of glomerulocystic disease 

is defined by Berstein to include the presence of Bowman’s capsule dilation 2 times 

normal and the occurrence of glomerular tufts within at least 5% of otherwise identical 

cysts(211).  Glucosuria was observed on urine dipstick at the 6 weeks of age in a G1 

female, 198-6-23, which had normal serum glucose at this time.  No other urinary 

abnormalities were seen, specifically, urinary protein was not identified by urine 

dipstick or SDS-PAGE gel.  Interestingly, the expression of HNF1ß was not altered, 

mutation of which causes glomerulocystic kidney disease and glucosuria(212, 213).  

This mutant, 198-6-23, was bred to wild-type C3H/HeJ to assess for penetrance of the 

trait.   Glucosuria was a heritable trait with close to 100% penetrance in 50% of the F2 

offspring, consistent with an autosomal dominant pattern of inheritance.  Histologic 

analysis of both male and female heterozygous F2 mutants demonstrated dramatic 

cystic kidneys, particularly featuring massive dilation of the Bowman’s capsule, and 

collapse of glomerular tufts (n = 20) (Figure 1).  Multiple backcross breeding between 

heterozygotes and wild-type C3H/HeJ were set up, and at G8 the two key phenotypes 

of glucosuria and cystic kidneys segregated.  
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Figure 1  Adult heterozygous mutants exhibit glomerulocystic dilation of the Bowman’s capsule 
(G) and renal tubules (T); H&E staining at 100X magnification.  A – adult WT at age 76 weeks 
with H&E staining at 100X magnification; B – adult heterozygous littermate at age 76 weeks. 
 

 
 

6.2 Map position 

 

The glomerulocystic kidney disease (GCKD) mutation was mapped to mouse 

chromosome 6.  Taking advantage of the unique microsatellites/simple sequence 

length polymorphisms between the two parental strains, C3H/HeJ and C57BL/6J, a 

rough map consisting of 98 microsatellite markers using 11 affected (4 F1, 3 F2, and 4 

F3) and 11 unaffected animals (2 F1, 6 F2, and 3 F3) was generated (Supplementary 

Table 1, p167).  A region between the centromere and distal marker D6MIT119 (50.8 

Mb) in chromosome 6 was identified.  Additional backcross breeding cages were set up 

between the heterozygous mutants and wild-type C3H/HeJ for the purpose of 

narrowing down the critical region with chromosomal crossover.  Chromosomal 

crossovers are independent recombination events that occur during prophase I of 

meiosis when the four chromatids are in tight formation facilitating homologous 

recombination between two chromatids from each parent (a bivalent).  Further 

microsatellite study of mouse 80-1-2 limits the map location to a distance of 23 Mb 

between the centromere and not exceeding the distal marker D6MIT204 

(Supplementary Table 2). 

 

Figure 1  Adult heterozygous mutants exhibit glomerulocystic dilation of the Bowman’s 
capsule (G) and renal tubules (T).  A – adult WT at age 76 weeks with H&E staining at 100X 
magnification; B – adult heterozygous littermate at age 76 weeks wth H&E staining at 100X 
magnification.  
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Fine mapping was performed with single nucleotide polymorphisms (SNPs) 

around 1 Mb apart.  As depicted in Supplementary Table 3, the critical region was 

further reduced by the latest crossover event in mouse mutant c77189j-3-2, bordered 

proximally by the centromere and distally by SNP rs13478611 at 6.29 Mb.  This 

represents an approximate size of 3 Mb since the first gene in chromosome 6 starts at 

3.2 Mb.  

  

Not all mutants exhibit glucosuria.  Thirteen percent (54 mice) of the 424 mice 

tested, with weekly urinalysis for 7 consecutive weeks, did not have glucosuria.  This 

was initially thought to be due to incomplete penetrance or variable degree of 

phenotypic expression.  However, we noticed further discrepancies between genotype 

and the phenotype of glucosuria (Supplementary Table 4).  Nineteen mutants (4.5%) 

genotyped as wild-type in the critical region exhibited glucosuria.  We saturated the 

critical region with 7 SNP markers at about 1 Mb apart for better resolution 

(SS5106741 at 3.1 Mb, rs3695631 at 3.35 Mb, SS16376485 at 3.5 Mb, SS5045907 at 

4 Mb, D6MIT138 at 4.45 Mb, rs30856904 at 4.49 Mb, and rs13478611 at 6.29 Mb).  

Since one centimorgan represents a recombination frequency between 2 loci of 1% in 

a single generation and corresponds to an estimated distance of 2 Mb in mice(214), it 

is highly unlikely for a double recombination event to produce the observed genotype.  

Moreover, the evidence that the phenotypic glucosuria was a result from a different 

mutation began to surface when two heterozygous mutants, C67189g-11-1 and 

C67189i-11-21, were intercrossed to produce two mutants with high-grade glucosuria, 

I17189b-2-2 and I17189b-1-21, both were wild-type for the SNP markers in the critical 

region.  When these two mice were intercrossed, they produced 4 litters with 100% of 

the pups demonstrating consistent high-grade glycosuria (4+ glucose; 55 mmol/L).  

Interesting, their genotypes were all wild-type within the critical region (Supplementary 
Table 5, p171) although their phenotypes would suggest otherwise.  This prompted us 

to re-analyze our data with mouse whole-genome SNPs genotyping based on a 

medium density linkage panel of 1449 SNPs on an Illumina platform.  This technology 

was recently made available at the Centre for Applied Genomics in Toronto.  A total of 

21 mutant mice (5 G2, 3 G3, 5 G4, 6 G5, 1 G6, and 1 G7) with cystic kidneys and 3 
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wild-type animals (2 G7, and 1 G9) were analyzed, and the results are depicted in 

Supplementary Table 6.  We identified a critical region in chromosome 6 between the 

centromere and the distal marker rs13478656 at 22 Mb with a “logarithm of odds” 

score of 2.2 (Supplementary Figure 4).  The latest crossover in c77189j-2-22 

shortened the distal boundary to SNP rs6172481 at 5 Mb, further shrinking the critical 

region into a 1.8 Mb distance.  There are 13 genes and 2 known microRNAs in this 

region Samd9l, Hepacam2, Bet1, Calcr, Casd1, Ccdc132, Col1a2, Gng11, Gngt1, 

Peg10, Sgce, Tfpi2, and Ppp1r9a.  None of these genes have been described to cause 

cystic kidney diseases.  Among these genes in the region, four has no known function, 

including Samd9l, Hepacam2, Ccdc132, and Casd1. 

 

Next, we performed whole exome next generation re-sequencing on a 

homozygous mutant, E32, based on the SOLiDTM 4 system.  The data were then 

analyzed with three separate bioinformatics pipelines for depth coverage, quality score 

recalibrator, SNP/indel (indel:insertion/deletion) caller, and realigner.  The pipelines 

used were Genome Analysis Toolkit/GATK developed by the Broad Institute, SAMtools 

mpileup, and Marth Lab’s FreeBayes.  The data were filtered simultaneously with a 

quality by depth at > 10 and strand bias < -0.01.  The mean sequencing coverage was 

21.0 reads.  Approximately 76.5% of the exons were sequenced at 10X depth or more, 

about 2.5% were deficient of any coverage.  Within the critical region, the mean 

sequencing coverage was 21 reads (Supplementary Figure 3).  Of the 264 exons 

within the region in chromosome 6, 2 (<0.8%) had no coverage, and more than 80% of 

the exons were sequenced at 10X depth or more.  Since the average coverage depth 

for 50% false positive error rate degradation in SOLiD has been estimated to be 39-

fold, the present experiment is expected to result in high false positive error rates.  

Furthermore, detection of indels still represents a technological challenge in next 

generation sequencing platforms(215). 

 

Primers were designed for regions with <10X depth of coverage for Sanger 

sequencing to capture inadequately covered regions.  After exclusion of all variants 

located in non-exonic regions (except splice sites) and known polymorphic variants, 
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three variants were identified in the critical region: a transversion mutation in exon 2 of 

the gene Samd9l at position 3,325,411 from T to A; a transversion mutation in exon 45 

at position 4,486,219 of the gene Col1a2 from G to T; and another transversion 

mutation in exon 45 of the gene Col1a2 at position 4,486,237 from C to G.  The next 

SNP identified was a known SNP at position 22,922,890, more than 17.9 Mb beyond 

the distal margin of our critical region.  Only the SNP called in Samd9l was a true 

positive as confirmed by Sanger sequencing (Figure 2A).  The mutation results in a 

change in amino acid from serine to threonine.  The first Indel identified in chromosome 

6 was at position 47,895,511, outside of the boundaries of the critical region.  Areas 

along the genome within the critical region with deficient coverage were identified and 

sequenced with Sanger sequencing.  No further SNPs or Indel were found.  Thus, we 

have reasonable evidence to suggest that the SNP in Samd9l may be responsible for 

the observed cystic phenotype.  Comparative genomic analysis shows that serine 

residue at the position of the mutation is relatively conserved across various species 

(Figure 2B).  The point mutation, S619T, identified in Samd9l at nucleotide 1849 is an 

area that is evolutionary conserved in x-tropicalis, chicken, opossum, rat and human, 

but not in dog or tetraodon (C rather than T). 

 

  It is not uncommon that missense mutations lead to splice variations.  To 

determine if the point mutation cause splice changes, we amplified a 2074 cDNA 

region.  Embedded within this region at position 804 is the mutation of interest.  As 

depicted in Figure 2C both the homozygous mutant and wild-type exhibit a single band 

at around 2 kb on gel making it unlikely for any splice changes. 
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Figure 2  A Transversion mutation from thymine to adenine at position 3325411 of the gene 
Samd9l.  B Comparative genomics of a variety of species shows relative conservation of serine 
at the position of the point mutation.  C Mutation did not cause splicing variation.  PCR of CDNA 
from a wild-type and a homozygous mutant amplifies a single band around the mutation. 

 

 
Figure 2  A Transversion mutation from thymine to adenine at position 3325411 of the gene 
Samd9l.  B Comparative genomics of a variety of species shows relative conservation of 
serine at the position of the point mutation.  C PCR of CDNA from a wild-type and a 
homozygous mutant amplifies a single band around the mutation. 
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6.3 Phenotypic Characterization 

 

 Heterozygous mutants live a normal lifespan.  Both male and female 

heterozygotes are fertile.  Similar to human cystic kidney diseases, heterozygotes 

exhibit variable severity of cystic changes as depicted in Figure 3.  Body composition 

analyzed at 9 months of age did not show differences in percent lean body mass, fat 

body mass and water between heterozygous males and their wild-type male 

littermates, which were 83% versus 80%, 9.6% versus 12.6%, and 7.3 % versus 7% 

respectively (p=ns).  Although there was a trend towards lower body weights among 

the heterozygotes compared to wild-type, 26 g and 31.9 g but the difference was not 

statistically significant (p=0.2).  There was also no discernible difference in serum 

concentrations of sodium, potassium, creatinine, glucose, calcium, magnesium, and 

albumin; 24-hour urine volume and excretion of protein, protein-to-creatinine ratio, 

urine sodium excretion, urine potassium excretion, urine calcium excretion and urine 

magnesium excretion; as well as hemoglobin, hematocrit, white blood cell count and 

platelet count.  In contrast, homozygous mutants die perinatally.  None of them 

survived beyond first few hours after birth.  They developed tachypnea and respiratory 

distress in their pre-morbid stage.  Seizure activities were not observed.  Live 

homozygous P0 mutants and their wild-type littermates were fixed in 10% formalin for 

36 hours and total body CT and MRI images were obtained.  As depicted in Figure 4A-
B highlighted by white arrow, the mutants developed internal hemorrhages notably in 

the thoracic cavity.  Blood was detected in the lungs and the pericardium.  We then 

fixed embryos at the age of 18.5 days for whole body MRI, hemorrhages in the lungs 

were observed in one out of four mutants.  Complete blood count obtained immediately 

postpartum did not reveal any significant differences in hematocrit and platelet counts 

between the homozygotes and the wild-type.  However, homozygous mutants had a 

significant higher average white blood cell counts of 10.8 X 109/L compared to their 

wild-type littermates, 3.4 X 109/L; p<0.01.  The differentials failed to point to the 

expansion of any particular subpopulation of white blood cells and elevations in both 

lymphoid and myeloid lineages were equally observed.   
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Figure 3  A variable degree in expression of the cystic phenotype.  Arrows point towards the 
glomeruli.  H&E staining of kidney sections at 100X magnification.  A wild-type; B-D 
heterozygous mutant littermates.  B Two times normal Bowman’s size; C Three times normal 
Bowman’s size; D Greater than or equal to four times normal Bowman’s size. 
 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

  

Figure 3  A variable degree in expression of the cystic phenotype.  Arrows point towards 
glomeruli.  H&E staining of kidney sections at 100X magnification.  A wild-type; B-D 
heterozygous mutant littermates. 
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Figure 4  MRI and histology of homozygous mutants at P0.  A-C MRI images of a pre-morbid P0 
homozygous mutant (white arrow points towards area of hemorrhage; yellow arrow points 
towards abnormal liver).  A Sagittal view of whole mouse; B transverse view of the thorax; C 
transverse view of the upper abdomen at the level of the liver.  D-F  Histology with H&E staining 
of liver sections; CV – central vein.  In normal liver, hepatocytes are arranged in single file 
manner radiating from the CV as depicted in wild-type at P0 in panel D.  In contrast, most 
homozygous mutants at P0 exhibited increased cellularity and lost of the normal liver 
architecture as depicted in panel E.  Some sinusoids become obliterated.  F depicts a grossly 
abnormal liver with “moth-eaten” morphology and dilated structures.  Some of these structures 
turn out to be vasculatures as highlighted in red using Tomato Lectin (Tl) stain for 
immunofluorescence (G). 
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Figure 5  Mutants are significantly smaller at birth.  The average weight of the homozygous 
mutants (MT 6) is much lower than their heterozygous littermates (Het 6), which in turn is smaller 
than the wild-type littermates (WT 6); p<0.05.  N denotes number of animals. 

 
 
 
 
 
Figure 6  Most homozygous mutants (MT 6) exhibit kidney cysts at birth.  74% of the 
homozygous mutants are cystic at birth compared to only 15% amongst their heterozygous (Het 
6) littermates; p<0.01.  N denotes the number of animals. 
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Figure 5  Mutants are smaller at birth.  The average weight of the homozygous mutants (MT 
6) is much lower than their heterozygous littermates (Het 6), which in turn is smaller than the 
wild-type littermates (WT 6); p<0.05.  N denotes number of animals. 
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Mutants were significantly smaller at birth (p < 0.05; two-way ANOVA).  

Although the length of the homozygous mutants appeared to be shorter, unfortunately, 

we did not formally measure the lengths of the P0 pups.  However, a total of 205 

animals were weighed at birth and the average weight (normalized weight to average 

weight of each individual litter) of wild-type, heterozygotes, and homozygotes were 

1.3178, 1.2692, 1.1600 g respectively (1.0293, 0.9918, 0.9358)(Figure 5).  More 

mutants exhibited cystic changes at birth among the homozygotes.  Seventy-four 

percent of the homozygotes (n=27), as depicted in Figure 6, compared to only 15% 

(N=13) of the heterozygotes were found to be cystic at birth (p < 0.01; two-tailed 

Fisher’s exact).  Wild-type littermates do not develop cysts in the kidneys.  Cysts were 

occasionally found in the peritoneal cavity and within the uterus of the heterozygous 

female mutants (Supplementary Figure 2).  Although we did not observe any cystic 

changes in the liver, histologic sections of the homozygotes revealed gross 

abnormalities ranging from disorganized hepatocytes arrangement (Figure 4E) to 

“moth-eaten” pattern significance yet to be determined (Figure 4C, F yellow arrow).  

Using tomato lectin to delineate the endothelial compartment, the vasculatures were 

also found to be ectatic.  Interestingly, homozygous mutants were found to have very 

subtle “kinked” in their tails, which were not always immediately apparent (Figure 7). 

 

The kidneys of mutants demonstrated a variable degree of cystic changes.  

Homozygous mutants had more severe cystic phenotype.  Cysts were found in majority 

of homozygous P0 kidneys as mentioned earlier.  In fact, cysts were detected as early 

as embryonic day 17.5.  In addition, none of the heterozygous P0 kidneys had cystic 

involvement in more than 30% of the glomeruli.    The primary structures involved were 

the glomeruli.  As depicted in Figure 8A, we observed dramatic dilation of the 

Bowman’s capsule with relatively preserved glomerular structures.  There were no 

significant differences in the number of glomeruli between the mutants and the wild-

type littermates.  Cystic dilations were also observed in the renal tubules (Figure 8A).  

Notably on Periodic acid-Schiff (PAS) staining, the proximal tubules also lost its thick 

brush borders (Figure 8B wild-type; Figure 8C mutant).   To further identify the tubular 

segments involved in cystic dilatation, immunofluorescent assays were carried out with 
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antibodies specific for the proximal tubules (LTL; Lotus Tetragonolobus Lectin), thick 

ascending limb of the Loop of Henle (Tamm-Horsfall protein) and the distal segments 

(PNA; Peanut Agglutinin Lectin).  Cystic dilatations were found in all segments of the 

renal tubules (Figure 9).  

 

 

 
Figure 7  Mutants demonstrate “kinked tails”.  A Homozygous mutant (MT 6) exhibits a slight 
kink in the tail compared to their heterozygous (Het 6) and wild-type (WT 6) littermates.  Notice 
that the homozygous mutant is cyanotic at its premorbid state.  B  Another homozygous mutant 
exhibiting a more obvious abnormal tail morphology. 

 

 
 

 

 

 

 

Figure 7  A Homozygous mutant (MT 6) exhibits a slight kink in the tail compared to their 
heterozygous (Het 6) and wild-type (WT 6) littermates.  Notice that the homozygous mutant 
is cyanotic at its premorbid state.  B  Another homozygous mutant exhibiting a more obvious 
abnormal tail morphology. 
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Figure 8  Mutants lost the thick brush border in the lumen of the proximal convoluted tubules 
(PCT).  A H&E staining of the whole homozygous mutant kidney histology at P0.  B-C  PAS 
staining of wild-type (B) and homozygous mutant (C) kidneys at P0.  Yellow arrow points 
towards luminal brush border in the proximal tubules. 

 

 
 

 
 
 
 

 

 

Figure 8  A H&E staining of the whole homozygous mutant kidney histology at P0.  B-C  
PAS stain of wild-type (B) and homozygous mutant (C) kidneys at P0.  Yellow arrow points 
towards luminal brush border in the proximal tubules. 
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Figure 9  Cystic dilatation involves the entire nephron.  Immunofluorescent assays of wild-type 
(WT 6) and homozygous mutants (MT 6) kidney sections at P0 demonstrating cystic dilatation in 
all segments of the tubules (white arrows) and loss of apical-basolateral polarity (yellow arrow). 

 

 
 
  

 

Figure 9  Immunofluorescence of wild-type (WT 6) and homozygous mutants (MT 6) kidney 
sections at P0 demonstrating cystic dilation in all segments of the tubules and loss of apical-
basolateral polarity. 
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6.4 Cystic tubules loss the epithelial apical/basaolateral polarity 

 

 Polarity established by renal tubular cells is critical for their roles in governing 

fluid and electrolytes reabsorption among many other functions.  It is clear that our 

cystic model demonstrates loss of apical/basolateral polarity.  In normal proximal 

tubules, fluorescein labeled LTL only binds to specific alpha-linked L-fucose containing 

oligosaccharides in the luminal brush borders, and gives a specific signal delineating 

the luminal border.  However, both luminal and basolateral signals were detected in the 

proximal tubules of the mutants (double contouring).  We further examined the renal 

tubules with antibodies specific for the alpha subunit of the Na+/K+ ATPase (rabbit 

polyclonal antibody) and discovered that, as depicted in Figure 9, the mutant tubules 

lost the polarized distribution of the pumps.  Luminal or apical signal for Na+/K+ ATPase 

was detected, which was not observed in the normal wild-type.  This observation has 

been reported in other mouse models of cystic kidney diseases(216). Similar to 

humans with cystic kidney diseases, we did not observe any significant difference in 

electrolytes (sodium, potassium, calcium and magnesium) at 4 weeks or 9 months of 

age between heterozygotes and wild-type littermates.  This might be due to a less 

severe cystic phenotype and fewer tubules involved in cystic changes amongst the 

heterozygous mutants. 

 

 

6.5 Mutants exhibit phenotypes suggestive of abnormal planar cell polarity (PCP) 

 

 Abnormal mouse-tail morphology is a phenotypic readout characteristic of 

genetic mutations resulting in disrupted PCP pathway.  This includes loop tail in Vangl2 

mutants carrying a S464N mutation; circletail from a nonsense mutation due to a single 

base insertion at codon 947 in Scrib; and curly tails in null Fat4 mutants.  Our mutants 

demonstrate subtle kink in their tails.  To further evaluate if the PCP pathway was 

affected in our genetic model, we dissected the Organ of Corti in the newborn inner ear 

and performed immunostaining of the inverted “V” shaped apical microvilli derived 

stereocilia (with phalloidin stain in green) and primary cilia/kinocilia (acetylated tubulin 
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stain in red).  Normally, the vertex of the hair cells points towards the periphery of the 

cochlea.  Usually, there is a tight distribution of the vertices.  However, our mutants 

showed markedly disrupted planar organization across all four layers of hair cells 

(Figure 10).  By quantitating the orientation of these polarized structures, and 

comparing the orientations of 391 hair cells from 3 mutants and 427 hair cells from 3 

wild-type, we discovered an abnormally wide distribution in the mutants as depicted in 

the histograms.  The range of axis for the wild-type and mutants were between -32o to 

+18o and -58o to +38o respectively (p<0.001; Mann Whitney Rank Sum Statistics).   

 

Kidney development, particular tubular morphogenesis, is highly dependent on 

coordinated proliferation and mitotic orientation(106).  Cell divisions along the 

longitudinal axis of tubules will result in growth in length, whereas radial division causes 

widening of the lumen(106, 217).  It has been previously shown that mammalian 

tubular elongation is regulated by tightly controlled oriented cell division, and has been 

shown in one study to be within 11o to the plane of tubules(106).  Recently, under- or 

overexpression of ErbB4 in mouse was shown to result in cystic kidneys associated 

with abnormal polarization of epithelial cells and a markedly increased radial division in 

renal tubular cells(218).  To investigate the orientation of mitotic axis, P0 kidneys from 

mutants and wild-type littermates were immunoblotted with antibodies specific for 

phosphorylated Ser10-histone H3 (Ser10), which is derived from a tightly conserved 

event during chromosome condensation in mitosis(219).  E-Cadherin was used to 

delineate cell borders (Figure 11A).  Six P0 kidneys from the wild-type and six P0 from 

homozygous mutants were used for the purpose of scoring.  The sessions were cut at 

12 micrometer in thickness.  Over 50 tubular cells in meiosis were scored in each arm 

in an un-blinded fashion.  An analysis of the number of longitudinal versus radial cell 

divisions along the plane of axis of the tubules revealed a significantly higher proportion 

of radial cell divisions in the mutants, 15% in the wild-type versus 45% in mutants 

(p<0.05; two-tailed Fisher’s exact), as depicted in Figure 11B.  The proportion of 

tubular non-axial division in the wild-type controls is comparable to that reported in the 

literature(218).  A more precise quantitation involves direct measurement of mitotic 

angle and scoring in a blinded fashion is currently underway. 
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Although homozygous mutants did not develop any overt cardiac phenotypes, 

such as septal defects or outflow tract abnormalities, subtle differences were observed.  

At E17.5, the mutants had a significantly thinner myocardium compared to the wild-type 

controls (0.32 mm and 0.71 mm respectively; p <0.05).  Septal wall thickness was not 

different (0.53 mm and 0.6 mm).  Interestingly, this is reminiscent of some of the 

cardiac phenotypes including stunted trabeculation, reduction in myocardial wall 

thickness, and cardiomyopathy reported in Scrib mutants, which is known to involve 

abnormal planar cell polarity(220). 

 
Figure 10  Mutants have abnormal inner ear hair cells orientation.  A Immunofluorescence of 
the Organ of Corti at P0.  Wild-type (WT 6) exhibits organized polarized hair cells with a narrow 
distribution of vertices.  In contrast, homozygous mutant (MT 6) hair cells are disorganized 
(phalloidin staining “^” shaped stereocilia in green; acetylated tubulin staining kinocilia in red).  B 
Pictorial representation of the immunofluorescence images delineating orientation of the hair 
cells.  C Histograms on distribution of hair cells orientation.  Y-axis represents the number of hair 
cells and x-axis the angulation in degrees. (p<0.001; Mann Whitney Rank Sum Statistics) 

 

 

 

Figure 10  A Immunofluorescence of the Organ of Corti at P0.  Wild-type (WT 6) exhibits 
organized polarized hair cells with a narrow distribution of vertices.  In contrast, homozygous 
mutant (MT 6) hair cells are disorganized (phalloidin staining “^” shaped sterocilia in green; 
acetylated tubulin staining kinocilia in red).  B Pictorial representation of the 
immunofluorescence images delineating orientation of the hair cells.  C Histograms on 
distribution of hair cells orientation.  Y-axis represents the number of hair cells and x-axis the 
angulation in degrees.  
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Figure 11  A higher proportion of the P0 mutants exhibit radial cell division.  A Top panels are 
sections from P0 wild-type (WT 6) where white arrows represent longitudinal cell divisions; 
bottom panels are sections from homozygous mutants where yellow arrows represent radial 
division.  B Percent radial division is much higher in the homozygous mutants. (p<0.05; two-
tailed Fisher’s exact; 6 kidneys in each group with > 50 meiosis scored in each group.) 

 

 

 

Figure 11  A higher proportion of the mutants exhibit radial cell division in renal tubules.  A 
Top panels are sections from wild-type (WT 6) where white arrows represent longitudinal cell 
divisions; bottom panels are sections from homozygous mutants where yellow arrows 
represent radial division.  B Percent radial division is much higher in the homozygous 
mutants. 
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Figure 12  Mutants are smaller in size at birth (WT 6 - wild-type critical region, wild-type Vangl; 
WT 6/VLP/+ - wild-type critical region, heterozygous Vangl LP; Het 6 – heterozygous critical 
region, wild-type Vangl; Het 6 6/VLP/+ - heterozygous critical region, heterozygous Vangl LP; MT 
6 – homozygous mutant critical region, wild-type Vangl; MT 6 6/VLP/+ - homozygous critical 
reigon, heterozygous Vangl LP); p<0.0001, one-way ANOVA for difference in weights amongst 
WT6, Het 6 and MT6 with WT Vangl; p<0.0002, one-way ANOVA for difference in weights 
amongst WT6, Het 6 and MT6 with VanglLp/+. 
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Figure 12  Mutants are smaller in size at birth (WT 6 - wild-type Samd9l, wild-type Vangl; 
WT 6/VLP/+ - wild-type Samd9l, heterozygous Vangl LP; Het 6 – heterozygous Samd9l, wild-
type Vangl; Het 6 6/VLP/+ - heterozygous Samd9l, heterozygous Vangl LP; MT 6 – 
homozygous mutant Samd9l, wild-type Vangl; MT 6 6/VLP/+ - homozygous Samd9l, 
heterozygous Vangl LP). 
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Figure 13  Mutants do not demonstrate changes in ß-Catenin expression.   
A Immunohistochemistry assay on kidney tissues at P0 for β-Catenin (WT 6 – wild-type; MT 6 – 
homozygous mutant) demonstrating no difference between 3 wild-type and 3 mutants.  B Real-
time PCR quantifying transcript levels of genes involved in canonical Wnt signaling pathway did 
not show difference between 3 wild-type and 6 homozygous mutants whole kidney lysate at P0. 
 
 

 
 
  

 

Figure 13  A Immunohistochemistry assay on kidney tissues at P0 for β-Catenin (WT 6 – 
wild-type; MT 6 – homozygous mutant) demonstrating no difference between wild-type and 
mutants.  B Real-time PCR quantifying transcript levels of genes involved in canonical Wnt 
signaling pathway did not show difference between wild-type and homzogyous mutants. 
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6.6 The underlying genetic mutation does not seem to have an overt interaction with 

Vangl2LP/+ 

 

 Previously, Saburi et al has shown a genetic interaction of Fat4 with Vangl2 

(core PCP gene), where loss of one copy of Vangl2 enhances cyst formation in Fat4-/- 

mutants(221).  To test whether our model mutation interacts with core PCP genes, we 

bred our heterozygous mutants to Vangl2LP/+.  As reported previously, mice that were 

homozygous for Vangl2LP/LP (LP) died around the time of birth whereas heterozygotes 

had characteristic loop-tails and enlarged brain ventricles(222).  Mice homozygous for 

LP occasionally developed dilated tubules(223).  Heterozygotes were viable and fertile; 

the only reported renal phenotype was a modest reduction in glomerular numbers(222, 

223).  We observed a trend towards smaller birth weights in Vangl2LP/+ compared to 

Vangl2+/+ (p=0.22; two-tailed t-test heteroscedastic) (see Figure 12).  Heterozygosity in 

both our critical region and Vangl2 was associated with a significantly smaller birth 

weight compared to animals heterozygous for the critical region but wild-type for 

Vangl2 (p<0.05; two-tailed t-test heteroscedastic).  However, no difference was 

observed between the homozygous mutant within the critical region with either wild-

type Vangl2 or heterozygous Vangl2 (p=0.67).  Homozygous mutants, as mentioned 

previously, were significantly smaller and the phenomenon was dose dependent 

(p<0.01; one-way ANOVA).  Sixty-two percent of the homozygous mutants exhibited 

cysts at P0 irrespective to Vangl2 genotype (Vangl2+/+ N=13; Vangl2LP/+ N=8).  Thus, 

we did not observe any accentuation in the cystic phenotype with a loss of one copy of 

Vangl2. 

 

 

6.7 Beta-catenin pathway does not seem to be affected 

 

 Changes in canonical Wnt signaling have been associated with cystic kidney 

diseases(165). We performed immuno-staining on kidney sections of 3 homozygous 

mutants and 3 wild-type controls at P0 and scored the number of cells with specific ß-

catenin nuclear staining.  Overall, there was no difference in ß-catenin signal between 
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the homozygous mutants and the wild-type controls (Figure 13A).  Specifically, for the 

epithelial cells lining the Bowman’s capsule, nuclear staining was observed in 7.7% 

and 6.2% in homozygous mutants and wild-type control respectively (p=ns).  To 

determine the gene expression of various components of the Canonical Wnt pathway 

at the transcript level, we isolated homogenized whole kidney RNAs from 6 

homozygous mutants and 3 wild-type controls at P0.  Comparisons made in transcript 

levels did not show any significant difference between mutants and wild-type in frizzled 

(Fz 3), a G-coupled receptor protein that is activated with Wnt ligand; beta-catenin, 

which is upregulated when the canonical pathway is active; T-cell factor (Tcf 4) and 

lymphoid enhancing binding factor (Lef1), both of which are transcription factors that 

interact with activated beta-catenin and; cyclin D1 (Ccnd1), which expression is 

increased upon activation of canonical Wnt (Figure 13B).  Finally, our data showed no 

significant difference in proliferation and apoptosis in the kidneys from 3 homozygous 

mutants and 3 wild-type littermates at P0 (immunohistochemistry KI67, Caspase 3) 

(Figure 14).  We have not looked at proliferation and apoptosis at earlier time points.   

 

 

6.8 Transient transfection of vector expressing WT Samd9l 

 

 To further characterize our candidate gene, Samd9l, we attempted to use a 

commercially available antibody against the C-terminus of Samd9l (Abgent BP5166b) 

for Western blotting on proteins isolated from whole P0 kidneys.  Unfortunately, it failed 

to produce any specific bands in both wild-type and mutant kidneys.  Therefore, we 

cloned the wild-type Samd9l cDNA into the p3XFLAG-CMV-7.1 expression vector that 

is tagged with triple flag for detection.  As illustrated in Figure 15B, HEK 293T cells 

transiently transfected with the construct demonstrated pancytosolic expression.  A 

lower level of nuclear expression was also observed.  No significant membranous 

signal was detected.  To validate the expression vector, we performed Western blotting 

on proteins isolated from transfected cells using anti-flag antibody and demonstrated a 

clear single band in close proximity to the molecular marker for 170 KDa (predicted 

size of Samd9l is 185 KDa) (Figure 15A).   
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Figure 14  There is no significant difference in apoptosis and proliferation in the kidneys 
between wild-type (WT 6; N=3) and homozygous mutants (MT 6; N=3) at P0.  A  
Immunohistochemistry assay on kidney tissues using Caspase 3 (marker for apoptosis).  B  
Immunohistochemistry assay on kidney tissues using KI 67 (marker for proliferation). 

 

 

 

 

Figure 14  There is no significant difference in apoptosis and proliferation in the kidneys 
between wild-type (WT 6) and homozygous mutants (MT 6) at P0.  A Immunohistochemistry 
assay on kidney tissues for Caspase 3.  B  Immunohistochemistry assay on kidney tissues 
for KI 67. 
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Figure 15  Western blot and immunofluorescence of HEK293T cells transiently transfected with 
expression vector for Samd9l.  A Western blotting showing a distinct single band at 170 kDa 
representing Samd9l protein.  The bottom bands represent β Actin loading control (“Ctrl” – HEK 
293T cells transfected with control vector; “Samd9l” – HEK 293T cells transfected with Samd9l 
expression vector.  B Immunofluorescence assay on HEK 293T cells transfected with Samd9l 
expression vector (red - Samd9l; green – phalloidin delineating cell border; blue – DAPI staining 
for nuclei). 
 
 

 
 
  
 
 

Figure 15  A Western blotting showing distinct  single band at 170 kDa representing Samd9l 
protein.  The bottom bands represent β Actin loading control (“Ctrl” – HEK 293T cells 
transfected with control vector; “Samd9l” – HEK 293T cells transfected with Samd9l 
expression vector.  B Immunofluorescence assay on HEK 293T cells transfected with 
Samd9l expression vector (red - Samd9l; green – phalloidin delineating cell border; blue – 
DAPI staining for nuclei). 
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6.9 Mutants have lower expressions of p53 and p21 proteins 

 

 SAM domains are known to form homo and heterodimers(224), to further 

elucidate potential interacting protein partners with Samd9l, we performed 

immunoprecipitation using HEK293T cells that were transiently transfected with the 

expression vector.  Mass spectrometry identified proteins involved in the ubiquitin 

pathway, including Stub1 (STIP1 homology and U-box containing protein E3 ubiquitin 

ligase) whose substrate is p53.  This data leads us to study the expression of p53 and 

its downstream effector, p21, in the kidneys of 3 wild-type and 6 mutants at P0.  

Interesting, the expression of p53 was not different between wild-type and mutants at 

the transcript level, however, the level of p21 transcripts was significantly decreased in 

mutants (Figure 16A; p<0.05 two-tailed t-test).  Immunostaining using p53 antibodies 

detected a much lower protein expressions (brown stained cells) in mutant kidneys 

compared to wild-type kidneys (Figure 16B).  This observation was confirmed with 

Western blotting showing a significant reduction in p53 protein expressions at P0.  

Furthermore, the expression of p21 proteins, were also markedly decreased in mutant 

kidneys at P0 (Figure 16C). 
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Figure 16  A Real-time PCR showing that whole kidney lysate from P0 homozygous 
mutants demonstrate a significantly lower P21 transcript level but similar P53 transcript level 
compared to their wild-type littermates.  B  P53 immunohistochemistry.  Wild-type (WT) 
exhibits many positively stained nuclei (brown); homozygous mutant (MT) only has a few.  C  
Western blotting showing diminishing levels of P53 and P21 proteins in the mutants.  
Despite higher loading of proteins with larger β Actin bands amongst the mutants (MT), P21 
bands are much smaller compared to wild-type (WT) littermate controls. 
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Figure 16  Differential expressions of P53 and P21 between wild-type and mutants.  A Real-time 
PCR showing that whole kidney lysate from 6 P0 homozygous mutants demonstrate a 
significantly lower P21 transcript level (p<0.05, two tailed t-test) but similar P53 transcript level 
compared to 3 wild-type littermates.   
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Figure 16 B  P53 immunohistochemistry.  Wild-type (WT) exhibits many positively stained nuclei 
(brown); homozygous mutant (MT) only has a few.  C  Western blotting showing diminishing 
levels of P53 and P21 proteins in the mutants.  Despite higher loading of proteins with larger β 
Actin bands amongst the mutants (MT), P21 bands are much smaller compared to wild-type 
(WT) littermate controls. 
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7 Discussions 

 

 In this study, we report a point mutation in the candidate novel gene Samd9l and 

associated cystic kidney phenotype.  This gene has two isoforms due to a canonical 

and a non-canonical alternate splicing, which results in peptides of 1579 and 103 

residues in size respectively (annotated by Havana).  Although they vary greatly in 

size, both of the transcripts consist of two exons and translation begins in exon 2.  Both 

peptides contain the SAM domain found in the amino-terminal that spans 66 amino 

acids in length.  Human SAMD9L, located on chromosome 7q21.2 between 92,759,368 

- 92,777,682, shares 76.1% similarity with mouse at the protein level (UniGene), and 

encodes a peptide of 1584 amino acids.  It too has a non-canonical isoform of 406 

residues in length.  In humans, its paralogue gene, SAMD9, is located 3’ downstream 

in a head-to-tail orientation, however, the gene Samd9 is thought to be lost in the 

mouse lineage due to a unique genomic rearrangement(225). SAMD9L and SAMD9 

share about 78% sequence homology at the DNA level(225) and 58% at the protein 

level(226).  Using human adult and fetal multiple tissue cDNA panel, SAMD9L has 

been shown to express ubiquitously in human tissues (225) as well as in the mouse 

with the highest level in the kidney(226).  In mouse embryos, no Sam9l transcripts 

were detected at E8.5 and 9.5; however, low levels were detectable at E12.5 and 

19(226).  SAM domains are found in diverse eukaryotic organisms(227).  They are able 

to mediate homotypic and heterotypic interactions to form multiple self-association 

architectures and also to bind to various non-SAM domain-containing proteins(224) 

and RNA(228).  Structural analyses show that the SAM domain is arranged in a small 

five-helix bundle with two large interfaces(224) and as in the case of EphB2, each 

interphase can form dimers and hence an extended elaborate polymeric structure(229, 

230).  Examples of proteins containing the SAM domain include p73, ΔNp63α, EphB2, 

Samd6 (SamCystin in Han:Sprd-Cy cystic rat model and NPHP(231)), and Bicc1 (Bpk 

mouse model of cystic kidney disease).   

 

 There is a paucity of literature around this novel gene SAMD9L and its 

function(s) remains elusive.  SAMD9L was first identified in conjunction with its 
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paralogue gene, SAMD9, which expression was shown to be decreased in the 

mesenchymal neoplasm aggressive fibromatosis, through subtractive hybridization 

assays(225).  Due to their structural similarities and physical proximity, SAMD9L is 

speculated to share similar function(s) as SAMD9.  There exist several lines of 

evidence suggesting SAMD9’s anti-proliferative function: a lower level of expression in 

neoplasms associated with β-catenin stabilization including aggressive fibromatosis, 

breast, and colon cancers(225); and the identification of a common microdeletion on 

7q21.3 spanning the SAMD9, SAMD9L, and LOC253012 (Miki) genes in patients with 

myeloid leukemia, juvenile myelomonocytic leukemia, and myelodysplastic 

syndrome(232).  Interestingly, our P0 homozygous mutants have a significantly higher 

total white blood cell count (10.84 X 109/L) compared to their wild-type (3.38 X 109/L) 

littermates (p < 0.01).  This expansion in white blood cell colonies involves neutrophils, 

lymphocytes, monocytes and eosinophils.  Deficiency in SAMD9 has also been linked 

to a rare hereditary form of dystrophic calcification known as normophosphatemic 

familial tumoral calcinosis in individuals carrying biallelic loss-of-function mutation at 

K1496E(233).  Transcription of SAMD9 may be regulated by inflammatory cytokines 

including TNF-α and INF-γ mediated through p38 and NF-κB, and interferon-regulatory-

factor 1 (IRF-1) transcription factor respectively(230, 234).   Further, analysis of the 

promoter region of SAMD9 reveals an IRF-1 transcription factor response 

element(234).  IRF-1 is a member of a large family of proteins that function as 

transcription activators of genes induced by IFN-α, β, and γ(235).  The associations 

between IRF-1 deficiency and various cancers including gastric, esophageal squamous 

cell, malignant transformation of hepatitis C infection and leukemia further tie the 

pathways of neoplasm and inflammation with SAMD9(236-239).  Although the 

expression of SAMD9L was not different in aggressive fibromatosis, levels were lower 

in breast cancers compared to normal breast epithelial tissues(225).  Mice deficient in 

Samd9l have a higher risk to develop myelogenous leukemia at older ages(226).  

However, Samd9l knockout mice did not develop ectopic calcification and hence 

unlikely to represent a functional paralogue to human SAMD9(240).  Most recently, the 

expression of SAMD9L has been shown to be repressed by ΔNp63α(241), which also 

contains a SAM domain.  ΔNp63α is a member of the p53 family of transcription 
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factors(242).  Opposite to p53, ΔNp63α acts as a critical proliferative factor(243).  

Whilst it is essential for normal development as evidenced by profound developmental 

anomalies in TP63 knockout mice (244), overexpression has been associated with 

various squamous cell carcinomas (SCC) of the head and neck, lung, and 

esophagus(245, 246) and hence it is suggested to be a potent oncogene.  Using H226 

cell line from lung SCC, shRNA mediated knockdown of ΔNp63α results in proliferation 

arrest with little change in apoptosis.  ΔNp63α has been shown to repress canonical 

p53 target genes such as p21, SFN, GADD45A, PUMA, and NOXA(246, 247).  

However, the observed proliferation arrest with ΔNp63α shRNA cannot be rescued by 

simultaneous p53 knockdown(241).  Interestingly, in H226 cells, ΔNp63α represses 

SAMD9L and this may be mediated through the deposition of histone variant 

H2A.Z(241) which has previously been identified as a transcriptional regulator(248, 

249).  H226 cells stop to proliferate when ΔNp63α is knocked down, which in turn, can 

be rescued by concurrent knockdown of SAMD9L(241).  Furthermore, SAMD9L has 

been found to be downregulated not only in lung squamous cell carcinoma, but also in 

large and small cell lung carcinomas asserting its anti-proliferative action(241).  The 

molecular mechanism by which this occurs remains elusive. 

 

 Aligning with the evidence from current literature suggestive of an anti-

proliferative role in Samd9l, we observed a significantly lower mRNA expression of p21 

in the kidneys of our homozygous mutants, although the transcript levels of p53 were 

similar (Figure 16).  P21 or cyclin-dependent kinase inhibitor 1 binds to and inhibits the 

activity of cyclin-CDK1 or CDK2 complexes and regulates cell cycle progression at G1 

by promoting G1 arrest.  Interestingly, from our immunoprecipitation experiments using 

HEK293T cells temporarily transfected with the vector expressing WT Samd9l cDNA 

aiming to identify potential interacting proteins, we discovered various proteins involved 

in the ubiquitin proteasome pathway.  One of which is Stub1 (STIP1 homology and U-

box containing protein E3 ubiquitin ligase) whose human ortholog is CHIP.  CHIP is a 

highly conserved protein containing a tetratricopeptide repeat domain at its amino 

terminus and a U-box domain at its carboxy terminus(250).  It interacts with the 

molecular chaperones Hsc70-Hsp 70 and Hsp90 through its tetratricopeptide repeat 
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domain whilst the U-box domain confers its E3 ubiquitin ligase activities.  The 

combination of chaperone binding and ubiquitin ligase activity suggests a multifaceted 

role for CHIP in mediating the switch from chaperone-dependent folding and 

maturation to proteasome induced degradation by ubiquitination (250-252).  Recently, 

inhibition of Hsp90 with STA-2842 in a conditional KO mouse model of Pkd1 results in 

a reduction in cysts growth(253).  However, the exact mechanism is yet to be 

determined.  CHIP also promotes aggresome formation when the proteasome system 

is overwhelmed for delayed protein degradation(254).  CHIP substrates include 

p53(255-257), MKKS(258), and Runx1(259).  P53 is upstream of and regulates p21.  In 

addition, CHIP interacts and ubiquitinates death domain-associated protein (Daxx) in a 

stress-dependent manner, which blocks the subsequent phosphorylation of serine 46 

in p53 and inhibits p53-dependent apoptotic program(260).   McKusick-Kaufman 

syndrome (MKKS) is a recessively inherited human genetic disease that causes 

various developmental anomalies and Bardet-Biedl syndrome(258).  Disease causing 

mutant MKKS protein has been shown to be rapidly degraded via CHIP(258).  Runx1 is 

a member of the Runt-related transcription factor that encodes the DNA-binding α-

chain partner of the heterodimeric core binding factor complex(261).  Mutations and 

elevated expression of Runx1 are associated with different forms of leukemia(262, 

263).  Furthermore, antibodies against CHIP are found in patients with chronic 

lymphocytic leukemia (CLL) and in colorectal cancer.  Regulation of ubiquitin has 

recently been affirmed in genes that are involved in cystic kidneys.  Polycystin-1 is 

involved in regulation of ubiquitination of transcription factor Jade-1, which is a tumour 

suppressor(264).  Jade-1 is a growth suppressive ubiquitin ligase for β-catenin.  Jade-1 

also has transcriptional activities, a key target of PC1, the cyclin-dependent kinase 

inhibitor p21, is upregulated by Jade-1.  Jade-1 ubiquitination is mediated by Siah-1, an 

E3 ligase that binds polycystin-1 thus its expression is regulated by polycystin-1.   

 

 Downregulation of p21 expression in the whole embryos of Pkd1-/- mice have 

previously been reported and speculated to be involved in the proliferation of cyst(265).  

In addition attenuated expression of p53 has been reported in several cystic models: 

kidneys from mouse model of PKD1(266); in vitro human embryonic kidney 293 cells 
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with loss of polycystin-1 activity(267); and kidneys from humans with ADPKD(268).  

P53 inhibits cell cycle by induction of P21 and causes G1/S arrest(269).  Polycystin-1 

may regulate growth of renal tubular epithelial cells through induction of P53 and 

activation of JAK2 and hence upregulation of P21(265).  Using a chimeric Pkd-/Lz+ 

mouse model, Nishio et al. proposed the following model of cystogenesis(266):  when 

tubular epithelial cells receive stimulation, both normal and abnormal cells proliferate to 

expand the tubular size.  The abnormal cells lack negative signals for proliferation by 

polycystin-1 and continue to proliferate where the surrounding normal tubular epithelial 

cells also proliferate to retain both the round shape and diameter of the tubule, normal 

epithelial cells are gradually lost by JNK-mediated apoptosis at the intermediate stage.  

Some abnormal cells change shape from cuboidal to flat (dedifferentiation), and the flat 

epithelial cells grow in an immortalized fashion to form large cysts.  Polycystin-1 plays 

a role in prevention of immortalized proliferation of renal tubular epithelial cells via JNK 

activation and p53 induction. 

 

Cystogenesis is accompanied by characteristic changes in tubular epithelial 

cells, including increased proliferation, apoptosis, acquisition of a secretory phenotype, 

dysregulation of the cell cycle, intracellular calcium and cAMP signaling and activation 

of several molecular pathways, including the PCP, Wnt, sonic hedgehog, and 

Akt/mTOR (23, 173, 265, 270-277).  It is interesting that ubiquitination of P53 and the 

consequent decrease in P21 level may be the potential molecular mechanism 

underlying the cystic kidney phenotype in this model.  What more intriguing is the 

observation that the planar cell polarity signaling pathway may also play a role in the 

observed phenotype.  Interestingly, we did not observe any overt changes in the 

canonical Wnt signaling pathway.  Furthermore, Patch 1 and Gli 1 in situ (data not 

shown) on kidney sections at P0 were not different between wild-type and the mutants.  

Together with a lack of polydactyly, and exencephaly, sonic hedgehog is likely not 

affected in our cystic model.  Finally, to test if mTOR interacts with our model, we 

crossed our mutants with haploinsufficient mTOR mice and observed no significant 

difference in proportion of P0 homozygous mutant with cysts, cysts severity, and 

survival (all homozygous Samd9l mutant still dies at P0).  Taken together, we are 
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submitting a novel gene mutation that results in lowering level of cell cycle regulator 

P21 and cystic kidney disease.  We propose that wild-type Samd9l negatively regulates 

Stub1-mediated ubiquitination of p53.  Our current mutation in Samd9l alters the 

protein structure and its interaction with Stub1 and results in polyubiquitination of p53 

for downstream degradation (Supplementary Figure 5). 

 
8 Future Directions 

 

To confirm causality between Samd9l mutation and the cystic phenotypes: 

 

 A more definitive approach to study if the point mutation/genetic polymorphism 

identified in Samd9l is responsible for the interesting phenotypes observed in our 

mouse model: kidney cysts, liver abnormality, leukocytosis, planar cell polarity, and 

perinatal lethality, we will create a knockin mutant with the exact genetic alteration 

using R1-129 in ICR host embryo donor.  Chimeras with the point mutation will be 

identified and crossed with WT C3H/HeJ and homozygous mutants will be phenotyped. 

 

To investigate the function of wild-type and mutant Samd9l in in vitro assays: 

 

 We have already cloned wild-type and mutant Samd9l CDNA into the p3XFLAG-

CMV expression vectors.  Expressions have been validated with Western blotting.  

These vectors will be transfected into both human HEK293T cells and mouse 

embryonic fibroblasts.  Cells transfected with the expression vectors will be harvested 

and proteins isolated for Western blot to study the expressions of p53 and p21.  In 

parallel, we will obtain mouse embryonic fibroblasts from homozygous embryos and 

wild-type embryos and look for differential expression of p53 and p21 proteins.  

Further, since Stub1 has been identified as a potential interacting partner with Samd9l, 

we plan to use siRNA to knockdown Stub1 expression and study p53 and p21 

expressions.  Further, we will knockdown Samd9l using siRNA and compare its effect 

on p53 and p21 protein expressions with Western blotting. 
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 To further validate the involvement of P21, we plan to perform cell cycle and 

proliferation assays with flow cytometry using cytosolic stain and Propidium Iodide.  

 

To continue to search for candidate mutations within the critical region: 

 

 Our analysis of the quality of our present whole-exome next-generation re-

sequencing data showed areas of deficient coverage.  In addition to the inherent lower 

sensitivity in detecting indels, we aim to continue to search for mutation within the 

critical region.  We will first perform Northern blotting on all the genes within the region 

to look for differences between wild-type and homozygous mutants.  We are also 

planning on collaborating the findings with commercially available whole genome 

sequencing with Complete Genomics. 
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Supplementary Table 1  Rough mapping using 96-microsatellite markers.  C – WT C3H/HeJ; H 
– Heterozygous (Pos = position; Chromo = chromosome).  Critical region is highlighted in gray 
color. 

 

 

 

 

 

Supplementary Table 1  Rough map using 96-microsatellite markers.  C – WT C3H/HeJ; H 
– Heterozygous (Pos = position; Chromo = chromosome).  Critical region is highlighted in 
gray color. 

 

Pos. (cM) Chromo Primer
C3H/HeJ C57BL/6J

4.4 1 D1MIT429 92 104 H H H H H H C C C C C H H H H C C H H C H H
17.5 1 D1MIT278 239 223 H H H H H H C C C C C H H H C C H H H C C H
43.7 1 D1MIT132 163 145 H H H H H C C C C C C H H H C C H H H C C H
60.1 1 D1MIT136 107 101 H H H H H C C C C C C H H H C C H C H C C H
82 1 D1MIT424 131 123 H C C C H H C C H H C H C C C C H C C C H H
94 1 D1MIT206 115 125 H C C C H H C C H H C C C C C C H C C C H H
103.7 1 D1MIT407 123 118 C C C C H H C C H H C C C C C C H C C C H H
2.2 2 D2MIT1 120 125 H H H C H H C H C H C C H C H C C H C H H C
27.3 2 D2MIT372 116 120 H H H C H H C H H H C C H H C C H H C C C C
42.6 2 D2MIT92 205 148 H H H C C H C H H C C C H H C C H H C C C C
61.2 2 D2MIT525 124 118 H C C H C H C H H C C H C H H H H H H C C C
72.1 2 D2MIT285 148 138 H C C H C H C H H H C C C H H H H H H C C H
84.2 2 D2MIT145 137 147 H C C H C H C H H H H C C H H H H H H C C H
2.4 3 D3MIT164 116 132 C H H H C H H H H C H H H C H H C H H C C H
11.2 3 D3MIT203 145 159 C H H H C H H H H C C H H C H H C H H C C H
25 3 D3MIT119 148 143 C C H H C H H H H C C H - - - H C H H C C H
35.2 3 D3MIT137 158 181 C C H C C H H H C C C C C C H H H H H H H C
41 3 D3MIT175 133 139 C H C C H H H C C C C C C C H H H H H H C C
70.3 3 D3MIT258 190 216 H C H C H C H C H H C C C H H C H C H H H H
79.4 3 D3MIT147 139 131 H C H H H C H C H C C C C H H C H C H H H H
87.6 3 D3MIT19 166 156 H C H H H C H H H C C C C H H C H C H H H H
10.9 4 D4MIT106 126 132 C H C C C H H C C H C H H H H C H C C H H H
12 4 D4MIT193 120 137 C H C C C H H C C H C H H H H C H C C H H H
23 4 D4MIT162 146 138 H H C H C H H C C H C H H H H C C H C H H H
54.6 4 D4MIT308 112 84 C C C H C C C H H H H C C H H C C H C C H H
60.1 4 D4MIT203 122 106 C C C H C C C H H H H H C H H C C H C C H H
15.3 5 D5MIT352 118 110 H C C H C H C H C C H C C C H C H C C H C H
19.7 5 D5MIT233 177 144 H C C H C C C C C C H C H C H H H C C H C H
59 5 D5MIT426 108 118 H H C C H C C C C H C H H C H H H C H H H H
73.2 5 D5MIT247 166 160 H H C C H C C C H H C H H C H C H C H C H H
82 5 D5MIT287 143 149 H H C C H C C C H H C H C C H C H C H C H H
2.2 6 D6MIT138 134 112 H H H C H H H H H H H C C H H C C H C H C C
4.4 6 D6MIT204 128 151 H H H H H H H H H H H C C H H C C H C H H C
7 6 D6MIT159 139 112 H H H C H H H H H H H H C H H C C H C H H C
12 6 D6MIT119 112 108 H C C C H C H H H H C H C H H C C H C C H C
27.3 6 D6MIT9 120 136 C C C H C C H C H C C C C C C C C H C H H C
47 6 D6MIT366 139 123 C C C H C C H C H H H H C C H C H H C H H C
0 7 D7MIT178 188 204 H C C C C H C H C C C H H H C C H C H H C C
63.4 7 D6MIT14 150 160 C H C C C H H C H H H H C H H C C C H C C H
3.3 7 D7MIT191 194 154 H C C C C H C H C C C H H H C C H C H H C C
15.3 7 D7MIT270 119 149 H C C C C H C H C C C H H H C C H C H H C C
36.1 7 D7MIT321 130 114 H H H H H H C H C C C H C H C C H C C H C C
43.7 7 D7MIT66 149 166 H H H H H H C H C C C H C C C C H C C H C C
67.8 7 D7MIT259 152 148 H C H H H H C H C H C C H C H C C C C C C C
8.7 8 D8MIT281 118 123 H C H H H H H C C C C H C C C C C C C H C C
21.9 8 D8MIT190 100 136 H C H H H H H C C C C H C C C C C C C H C C
39.3 8 D8MIT106 115 146 H C H C C H H C C C C C C C C C C C C H H C
47 8 D8MIT242 198 168 H C H C C H H C C C C H C C C C C C C H H C
59 8 D8MIT35 249 243 H H H C C H C C C C C H C C C C C C C H H C
75.4 8 D8MIT156 154 138 H H H C C H H C H C H H C C H C H C C H H H
13 9 D9MIT67 134 120 H H C H C H H H C C C H H H H H C H C C H C
33.9 9 D9MIT336 103 117 H H C H H H H H C C C H H H H C C H C H H C
47 9 D9MIT35 109 122 H H C H H H H H C C C H H H H C C H H H H C
61 9 D8MIT46 200 229 H H C H H H H H C C C H H H H C C H H H H C
69.9 9 D9MIT151 112 116 H H C H H H H H C C C H H H H C C H C H H C
16.4 10 D10MIT3 220 243 C H H C H H C C C C C H H H H H C C H C H H
20.8 10 D10MIT194 93 81 C H H C H H C H C H C H H H H H C C H C H H
30.2 10 D13MIT67 143 159 C H H C H H H H H H C H H H C H C H H H H C
41.5 10 D10MIT42 196 182 C H H C H H C H C H C H H H C H C C H C H H
50.3 10 D10MIT95 178 198 C H H C H H H H C H C H H H C H C H H H H C
63.4 10 D10MIT233 106 126 C C H C H H H H H H H H H C C H C H H H H C
4.3 11 D11MIT2 117 103 H H C C C C C H H H H H C C H C H C H H C H
25.1 11 D11MIT131 142 154 C H C C C H C H H C H H H H H C H C C H H H
36.1 11 D11MIT4 247 255 H H C C C H C H H C H H H H H C H H C H H H
49.5 11 D11MIT285 130 118 H H C C C H C H H C H H H H H C H H C H C H
60 11 D11MIT67 122 130 H H C C H H C H H C H H H H H C H H C H C H
77.6 11 D11MIT214 133 149 H C C H H C C C H H H H H H H C C H C H C C
13.1 12 D12MIT221 87 107 H C C C H C C C C H H C C C C C H H H C C C
32.8 12 D12MIT158 136 154 C C C C C C C C C H C C C C C C H H H C C C
47 12 D12MIT167 144 150 C C C C C C C C C H C C C C C C H C H C C C
56.8 12 D12MIT263 125 111 C C C C C C C C C H C H H C C C H C H C C C
13.1 13 D13MIT88 180 168 C H C C C C H H C C H H H C H C C C C H H H
35 13 D13MIT107 141 153 H H C C C H H C H H H H H C C C C C C H H C
43.6 13 D13MIT53 154 146 H H H H C H H C H H H H H C C C C C C H H C
59 13 D13MIT35 181 195 H H H H C H H C H H H H H H C C C H C H H C
3.3 14 D14MIT98 147 155 C C H H H C C C C C C H C H H H H H H H C C
24 14 D14MIT60 111 133 H H H H H C H C H C H H C C H C H C H H H C
35 14 D14MIT157 146 150 C C H H H C C C H C H C C C H C H C C H H H
47 14 D14MIT160 162 140 H H H H C C H C H C H C C C H C C C C H H C
9.8 15 D15MIT130 197 183 H H C H C C C H H C C C C H C H C C C H H H
17.5 15 D15MIT154 140 154 H H H H C C C H H C C C C H H H C C C C H C
27.3 15 D15MIT270 179 199 H H H H C C H H H C C C H H H H C C C H H C
41.5 15 D15MIT107 146 154 H H H H H C H H H C C C H H H H H C C C H C
52.5 15 D15MIT171 133 125 H H H H H C H H H C C C H H C H H C C C H C
17.5 16 D16MIT101 146 150 C C C H C H C C H H C H C C H C H H C H H H
33.9 16 D16MIT105 108 112 H C C H C H H C C H C H C C H C H H C H C C
45.9 16 D16MIT153 273 269 H H C H - H H - C - C H H C H C C H C H C C
3.3 17 D17MIT100 133 121 C H C H H C H C C H H H C C C C C C H H C C
14.2 17 D17MIT51 139 157 C H C H H C H C C H H H C C C C H C H H C C
29.5 17 D17MIT20 165 177 C H C H H C H C C H H H C C C C C C H C C C
50.3 17 D17MIT123 151 129 C H C H C C H C H H H C C C H C C H H H C C
4.4 18 D18MIT197 133 125 H C C C H C H C H C C C C H H C H C H C C C
15.3 18 D18MIT58 207 183 H C C H H H H C H C C C C H H H H C H C C C
25.1 18 D18MIT40 125 137 H C C H H H H C C C C C H C C H H H H C C C
35 18 D18MIT48 158 166 H C C H C H H C C C C C H C C H H H H C H C
9.7 19 D19MIT28 154 146 C C H C C C C C H C H C C C H C C C C H C H
24 19 D19MIT63 148 154 C C H C C H C C H C H H H C H C C C C H C C
40.4 19 D19MIT103 129 123 C C H C H H C C H C H H H C C C C H C H H C

2-5 2-7 2-43-24 2-6 1-23 1-24 2-2 2-31-21 1-26 2-21 1-22 3-1 3-4
Size

Affected Unaffected

3-23 3-5 3-2 3-25 2-22 2-1 1-25
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Supplementary Table 2  Further crossover in the mutant “80-1-2” narrowed the distal 
microsatellite marker to D6MIT204.  C – wild-type C3H/HeJ; H – Heterozygous; Pos - position; 
Chromo – chromosome.  
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Pos. (cM) Chromo Primer
C3H/HeJ C57BL/6J

2.2 6 D6MIT138 134 112 H H H C H H H H H
4.4 6 D6MIT204 128 151 C H H H H H H H H
7 6 D6MIT159 139 112 C H C H C H H H H

Affected

77-5-22 89a-1-1
Size

80-1-2 80-2-21 80-2-22 80-2-23 80-2-24 77-5-6 77-5-21
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Supplementary Table 3  Fine mapping narrows the critical region to about 3 Mb in size.   The 
latest crossover in the mouse mutant, c77189j-3-2, narrows the critical region to distal marker 
rs13478611.  C-wild-type C3H/HeJ; H-Heterozygous. 

 

 

  

 

 

Supplementary Table 3  Whole-genome SNPs genotyping based on a medium density 
linkage panel of 1449 SNPs on an Illumina platform.  Latest crossover in the mouse mutant 
“c77189j-3-2” narrows critical region to distal marker rs13478611.  C – wild-type C3H/HeJ; H 
– Heterozygous.  
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3.35 rs3695631 H H H H H H H H H H H H H
3.5 SS-16376485 H H H H H H H H H

3.99 rs30558274 H
4.0 SS-5045907 H H H H H H H H H
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Supplementary Table 4  Genotype-phenotype discrepancy.  Mice were wild-type based on 
genotype within the critical region using SNPs but exhibited glucosuria.  Week – age in weeks; 
values under “Mutants” were level of glucosuria based on urine dipstick; C – wild-type C3H/HeJ. 
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Supplementary Table 5  Wild-type mice by genotype exhibited high-grade glucosuria.  
Intercross between two heterozygous G7 mutants generated G8.  Two of the “wild-type” G8 with 
persistent high-grade glucosuria were intercrossed to produce 4 litters of G9, all of which 
exhibited high-grade glucosuria.  Week – age in weeks; values under “Mutants” were levels of 
glucosuria based on urine dipstick; C – wild-type C3H/HeJ. 
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Supplementary Table 6  Reanalysis of the whole-genome SNPs genotyping based on a 
medium density linkage panel of 1449 SNPs on an Illumina platform.  Renal cysts rather than 
glucosuria was used as the differentiating phenotype.  C – wild-type C3H/HeJ; H – 
Heterozygous. 
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Supplementary Figure 1  Real-time PCR for transcript levels of genes involved in EMT using 
whole kidney lysate from 6 homozygous mutants compared to 3 wild-type littermates at P0. 
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Supplementary Figure 2  Cysts are occasionally observed in the uterus of the heterozygous 
mutants.  The black arrow points towards a cyst. 
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Supplementary Figure 3  Sequencing coverage within the critical region. 
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Supplementary Figure 4  Chromosome 6 has the highest LOD score in our linkage analysis.  An 1449 
Ilumina SNP array platform was used for 21 mutant and 3 wild-type animals.  Chromosome 6 contains 
the critical region for the cystic mutation.  The logarithm of odds scores was performed under the 
condition of a single quantitative trait locus genome scan, normal model assumption, binary phenotype, 
and inclusion of covariates by expectation-maximization algorithm.   
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Supplementary Figure 5  Proposed mechanism by which Samd9l regulates p53.  Wild-type Samd9l 
interacts with Stub1 and interferes with Stub1-mediated ubiquitinaton of p53.  In contrast, mutation in 
Samd9l alters its interaction with Stub1 and promotes p53 ubiquitination and downstream proteasomal 
degradation. 
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